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AEROFOILS FOR AIRSCREW DESIGN. 


By W. L. Cowtsy, A.R.C.Sc., and H. Levy, M.A., B.Sc. 


Reports and Memoranda (New Series), No. 362. November, 1917. 


SuMMARY.—(a) Introductory. (Reasons for inquiry.)—The investiga- 
tions were undertaken at the urgent request of the R.A.F., Admiralty, 
and others, for further information on aerofoi! sections suitable for airscrew 
design at the largest possible value of v/. <A series of five sets of tests was 
asked for, and the present report refers only to the first two sets. 


(b) Range of the investigation.—The first set of aerofoils tested had a 
circular upper surface, a chord of 6”, and cambers of -075, -08, -09, -10, 
-12, -16 and -20. The tests were made at a wind speed of 80 ft. /sec., 
and the first aerofoil was tested in addition at speeds from 40 to 80 ft. /sec. 

The second set had its maximum ordinate at -375 of the chord from 
the leading edge. The distance of each ordinate from the leading edge, 
which was in front of the maximum ordinate, was derived from the previous 
set by decreasing it in the ratio of -375 /-5, and those behind the maximum 
ordinate by increasing them in the ratio of -625/-5. The same range of 
cambers was used. The tests were made at 70 ft. /sec. (80 ft. /sec. in the 
preceding set was found to produce too great a deflection of the aerofoil), 
and the aerofoils of least and greatest camber were tested over a speed 
range from 40 to 70 ft./sec. The lift, drag and centre of pressure 
coefficients were found over a range including the angles of no lift and of 
maximum lift. 


(c) Conclusions.—The force curves of the two series of aerofoils present, 
in general, similar characteristics ; their all-round efficiency as aerofoils 
was low. With increase in camber the position of zero lift moves to 
larger negative values, while the drag increases rapidly. As the speed 
(value of v/) is increased, the position of minimum drag moves in the 
negative direction (corresponding with a lower angle of incidence) with 
a simultaneous fallin value. This effect is most marked in the aerofoils 
of small camber. The variation in the lift curves with change of v/] was 
not very marked. 


The following series of investigations were undertaken as the 
result of urgent requests from the R.A.F., Admiralty and others, 
for tests of aerofoils suitable for use in airscrew design. Five 
sets, each consisting of seven aerofoils, with flat undersurface, 
classified according to a system shortly to be described, were 
selected for test, to determine forces, moments and centres of 
pressure, and the variations of these with increased scale. At 
the special request of the R.A.I, where airscrews are being 
developed from aerofoils of circular upper surface, the first set 
tested consisted of such a system of chord 6-inch and cambers 
-075, -080, -09, -10, -12, -16, -20. 
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The second set, in which the position of maximum ordinate 
was advanced from the centre to 375 of chord from the leading 
edge, was derived from the previous set by decreasing the 
distance of each ordinate from the leading edge in the ratio of 
-375 /-5 in the case where these are in front of the maximum 
ordinate, and extending the distance from the trailing edge. for 
those behind in the ratio of -625/:5 (see Report 72, Adv. Com. 
Report 1912-13). For the remaining sets these ratios were 
-3 /-5, -25/-5, and -2/-5 for the corresponding leading portions. 


The present report deals with the results of experiments on © 
the first two series. The aerofoils were constructed with a metal 
base plate, $-inch thick, forming the lower surface, 6-inch by | 
36-inch. At the leading and trailing edges the base plate was 
rounded off to a radius of ;,-inch. The upper surface was 
formed by plasticine worked accurately into shape by means of 
a metal template running on two parallel guides between which 
the base plate was firmly fixed in position. By this method an 
exceedingly smooth surface accurate to the template was rapidly 
' obtained. 


Fig. 1 indicates the position of the upper surface in relation 
to the base plate. The leading and trailing edges A and B of 
the plasticine portion were rounded off to bring them tangential 
to the base plate at these edges at a and 5b. 


The experiments were conducted in the seven-foot wind 
channel at a speed of 80 ft. /sec. for the first set, and at 70 ft. /sec. 
for the second, as it was found that the wind forces on such a 
large aerofoil were so great at the higher speed that the deflections 
of the aerofoil became excessive. 


SERIES A. 
Circular Upper Surface. 


Cambers = 0-075, 0-08, 0-09, 0-10, 0-12, 0-16, 0-20. 
AGroiGilcNosy sya) are 0 Oe eee Oe Oe 
All the aerofoils in this set were tested at a speed of 80 ft. /sec., 
while aerofoil No. 1 was tested in addition over a range of speeds 
to investigate the effect of variation in scale. ° 


In Fig. 2 (Tables 1-5) are plotted the lift coefficients against 
angle of incidence. 


The magnitude of the maximum lift varies moderately with 
camber for the smaller values of the latter, and the position 
of maximum lift for the larger values. In the neighbourhood 
of 10° no systematic variation of lift with camber can be traced, 
although for lower angles the changes are much more consistent, 
increasing very rapidly with camber at given angles of attack. 
The curious development of a hump over the series as the camber 


279 


is increased is very apparent, and for the highest camber a second 
one is produced for large negative angles, so that the lift still 
remains positive at — 25°. Aerofoils Nos. 3 and 4 provide 
curves coinciding over a wide range. ‘To determine whether this 
was due to an error in angle setting these were retested, but the 
previous results were repeated. 


With increasing camber the minimum drag (Fig. 3) increases 
rapidly, accompanied by a slight decrease in angular position. 
In all cases the maximum L/D lies between 2° and 4°, and its 
magnitude between 16 and 17 except for pigh cambers, where 
it falls to 13-5. 


In Fig. 7 the L/D, lift coefficients and drag coefficients are 
plotted against angle of incidence for the case of the aerofoil 
No. 7, with the highest camber. 


In Fig. 5 the C.P. coefficient—the ratio of the distance of the 
position of centre of pressure, measured from the leading edge 
along the lower surface, to the size of chord—is plotted against 
angle of attack. In the region of 1° there appears to be very 
little change in the position of the centre of pressure with camber, 
the C.P. occupying roughly a position given by a centre of pressure 
coefficient = 0-55. For the thickest aerofoil, at negative angles 
of attack, the centre of pressure curve behaves abnormally. 
In Fig. 6, where the moment coefficients about the leading edge 
(Z, Fig. 1) are plotted, a considerable effect is apparent with 
change in camber, showing a consistent development over the 
series. 


For aerofoil No, 7 the centre of pressure and moment co- 
efficients are plotted in Fig. 8 for a range of —- 30° to + 25° 
angle of incidence. 


Scale effect.—To determine the effect of change of scale michin 
the range afforded by the channel, aerofoil No. 1 was subjected 
to tests for forces and moments at speeds of 40, 50, 60, 70 and 80 - 
ft./sec. In Fig. 9 are plotted the lift coefficients at the various 
speeds against angles of attack. These show the recognised 
increase in lift coefficient at small positive and negative angles 
with very little change up to the maximum: The latter appears 
to increase slightly with vl, with a corresponding increase in 
angular position. The position of zero lift decreases from 
— 2° to — 3° over the complete range of vl. 


The drag curves (lig. 10) seem to suggest that large increases 
in vl might still give rise to considerable further changes in the 
magnitude and position of the minimum. Over the range 
covered by the tests the minimum falls from -0115 to -0094, 
and the angle from 1-5° to 0°. For such a small range ef vl 
this must be considered large. Apart from this region there 
appears to be very little scale effect, 


In Fig. 11 the L/D curves are given. Changes due to scale 
appear chiefly below maximum L/D, The accuracy of the 
B3828z B 
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experiment does not of course warrant any definite statement 
being made regarding variation in magnitude and position of 
the maximum value. 


The C.P. curves are plotted in Fig. 12, where changes with 
vl are very marked. 


At an angle of 4° no shift of C.P. occurs with vl. At higher 
angles the centre of pressure moves backward with increase of 
wind speed, and at lower values forward. 


These changes are quite consistent with the corresponding 
results in R. & M. 110, for tests on R.A.F. 6a, where, however, 
the range of positive angle is not extended appreciably beyond the 
point of coincidence of the vl curves. In Fig. 13 the moment 
coefficients show a consistent variation with vl, except in the 
neighbourhood of 4° where there is very little change. 


Two aerofoils similar in certain respects to two included in 
this set have previously been tested by other experimenters, 
with, however, so widely different results that it is necessary to 
inquire more closely into the possible causes of these discrepancies. 
In Fig. 14, aerofoil No. 1, series A and aile No. 7 (Hiffel Résistance 
de l’air et laviation Atlas, Plate 5) are shown for comparison. 
In both, the upper surface is circular, but the cambers are slightly 
different, being 0-075 and 0-0675 respectively. 


There is of course an essential difference in the shape of the 
leading and trailing edges, since in Hiffel’s case both these are 
sharply pointed. Both have flat undersurfaces. The results of 
the tests are shown in Fig. 15, where it appears that in the case 
of aerofoil No. 1, series A, the lift coefficient in the N.P.L. tests 
is consistently much higher over the whole range, and also the 
drag coefficient for angles beyond 10°. The minimum drag 
coefficient given by Hiffel seems exceptionally low. Since the two 
tests were conducted at approximately equal values of vl this 
must be due, apart from possible experimental discrepancies, to 
the effect of the sharpness of the leading edge. It is hoped to 
give further consideration to this question in a later report. 


In Fig. 14 are also shown the sections of aerofoil No. 4, series. 
A, and of an aerofoil reported on in R. & M. No. 72, 1912/13. 


The cambers of these two are the same, but the leading 
and trailing edges of the latter are again sharper than in those 
used for the present series, and the portion between the maximum 
ordinate and the leading edge is slightly more arched. The 
tests in the report referred to were conducted at a vl of 5-84, 
and those of the present report at a vl of 40. This latter 
difference undoubtedly accounts for a great deal of the discrepancy 
between the drags, Fig. 16, but the difference in the lifts must. 
be due to the slight variation in the form of the leading portion. 


It is hoped to investigate the causes of these differences by 
further tests. 


281 


SERIES Bs 
a/c = 0375, 
Cambers = 0:075, 0:08, 0-09, 0-10, 0°12, 0-16, 0-20. 
PLGrGIGHEN Oda ee ee al ee ay IG 


All the aerofoils of this series were tested at a wind speed 
of 70 ft. per second instead of 80 ft. per second, as in series A, 
for reasons already stated, with the exception of Nos. 1 and 7, 
which were tested for vl effect at speeds of 40, 50, 60 and 70 ft. 
per second. 


The lift coefficients of the series are plotted against angle of 
incidence in Fig. 17. The differences due to camber are not here 
quite so marked as in the previous seriés, but the “‘ step forma- 
tion” at high cambers is still noticeable, although unlike No. 7, 
series A, the corresponding curve does not flatten out at large 
negative angles until the lift reaches a negative value. Up to 
10° the variation with camber is quite systematic. Generally, 
however, the same remarks apply as in series A. 


In Fig. 18 the drag coefficients are plotted. The curves 
are very similar to those of the last series with the exception of 
No. 7, for which the minimum drag is very much smaller in 
value. 


The L/D curves in Fig. 19 indicate that for values below the 
maximum the variation with camber is easily traced. The 
maxima lie generally somewhat lower than for the previcus set. 


In Fig. 20, where centre of pressure coefficients are plotted, 
very little difference from the last set is indicated, with the 
exception that there is nothing that corresponds with the abnormal 
behaviour of No. 7, series A. Generally the centre of pressure is 
slightly further forward on these aerofoils than previously, 
but these differences might be partially due to the different 
speeds. At 1° angle of incidence the centre of pressure is 
approximately at the centre of the aerofoil for all cambers. 
The moment coefficients plotted in Fig. 21 change very con- 
sistently and regularly with camber, but not so violently as in 
the previous series, where the moments are much higher. 


Scale effect—For the investigation of this effect aerofoils 
Nos. 1 and 7 were tested at speeds of 40, 50, 60 and 70 ft. per 
second for forces. The lift coefficients of aerofoil No. 1 are plotted. 
in Fig. 22, where it is clear that the maximum lift increases 
steadily with vl, without any apparent change in position. It 
is only within this region in the neighbourhood of the maximum 
that a change of vl has any considerable effect. The contrast with 
the corresponding effect in Fig. 9 of No. 1, series A, is very marked. 
The same applies to negative angles, 
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In Fig. 23 the drag coefficients in the neighbourhood of the 
minimum once more show a very distinct change with scale. In 
general shape the curves are strikingly similar to those of Fig. 10. 
Above the minimum an increase of vl evidently straightens 
out the curve, sweeping the minimum position further towards 
negative angles, accompanied by a decrease in magnitude. 
Although the maximum speed is only 70 ft. per second for the set, 
the tendency in this direction is already even more marked than 
in the corresponding aerofoil of the previous series. At higher 
positive and negative angles the scale effect appears to be 
comparatively small. 


As shown in Fig. 24, the L/D increases steadily with speed 
at values below the maximum, as in the aerofoil No. 1, series A, 
but the variation in value of the maximum itself is much greater 
than previously. With increased vl the L/D in this region 
rises and then falls, an effect immediately traceable to the 
variation in drag in this region already referred to. 


The scale effect for aerofoil No. 7, that of largest camber, 
is shown in Figs. 25, 26 and 27. The lift curves rise and then 
fall slightly below 6° with increase of speed ; between 6° and 14° 
there is a considerable decrease. The maximum appears to vary 
very little. 


Fig. 26 shows consistent diminution of drag with speed, 
the minimum falling by a fair amount, accompanied by a very 
slight shift towards negative angles of incidence. The rapid 
fall in drag with increase of speed obtained in aerofoils 1, series 
A and B, for small positive angles of attack is not here apparent. 


In Fig. 28 is plotted the drag coefficients of R.A.F. 6a (R. & M. 
110) for various angles of attack on a log ul base. At a value of 
vl = 1-5—approximately the greatest value reached in that 
report—it is evident that considerable variation of the drag co- 
efficient with speed exists in the neighbourhood of minimum 
drag, an effect very similar to that obtained in the present report 
for thin sections. 


General remarks.—The two series of aerofoils discussed in the 
foregoing provide curves which in general present similar 
characteristics. With increase in camber the position of zero 
lift shifts to larger negative values, while the drag increases 
rapidly, It must be noticed that only in the aerofoils of low 
camber does the shift’of the position of minimum drag with 
vl in the negative direction, with a simultaneous fall in value, 
take place to any considerable extent. 
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TABLE 1, 
SERIES A, a*/c = 0:5. 
AEROFOIL No. 1, CAMBER = 0-075. 
Size of Plane, 6-inch by 36-inch. Speed, 80 ft. /sec. 


C.P. 


Angle. | Drag 


Lift Moment 
Degrees. | Coefficient. Coefficient. L/D. Coefficient. Coefficient. 
— 6 0-0316 — 0-164 — 5:20 + 0-076 — 0:0124 
— 4 0:0187 — 0-065 — 3-50 — 0-335 + 0-0217 
— 3 0:-0144 —0:015 | — 1-05 — 2-39 0 -0365 
— 2 00-0116 | +0-034 + 2-91 aad 0-0500 
arin et * .O-0102 0-081 7°85 0-768 0-0617 
OF) 0-0095 O-L19 12-5 0:°592 0:-0705 
+ 1 0-0101 0-149 14-6 0-504 0 -0760: 
2 0:0117 0-185 15:6 0-454 0-0840 
3 0-0134 0-218 16-2 0-419 00-0915 

4 0-0155 0-256 16-4 0-390 0-100 

5 0-0185 0=298 16-0 0-369 0-110 

Ome 00225 0-327 14°5 0-354 0-116 

8 0.0342 0-392 11-5 0-329 O-129 

10 0-0505 0-452 8-94 0-312 0-141 
12 0-0738 0-488 6-71 0-321 0-155 

14 0-1020 0-504 4-95 — —— 


*sPor neat ae : eae Fig. a 
TABLE 2, 
SERIES A, a/c = 0-5. 
AEROFOIL No. 1, CAMBER = 0-075. 
Size of Plane, 6-inch las 36-inch. «+ Speed, 70 > ft. {866- 


IES 


Angle. ae Litt ; L/D Or, Moment 
Degrees. Coefficient. Coefficient. Coefficient. Coefficient.. 
— 6 0:0219 — 0-169 — 5-30 + 0-098 — 0-0166- 
— 4 0-0188 — 0-071 — 3-76 —0:°173 mole “O122 
— 3 0:-0148 — 0-022 — 1°47 —1-51 0 -0330. 
— 2 00-0120 | + 0-028 + 2:32 + 1-68 00-0470. 
— | 0-0106 0-076 7°13 0-800 0 -0604 
0 0 -0099 Oe Tt? Tis 0-606 0 +0720 
+ | 0-0100 0-151 15:1 0-509 0-0768 
2 0-O117 0-185 Rekts, 0-454 0-0839: 
3 0-0133 0°Z13 16-4 0-418 00912 
4 0:0151 0-255 16°8 0-389 0-0991 
5 0-0189 0-291 15:4 0-370 0-108 
6 0:0223 0-324 14:5 0-354 0-115 
8 0-0337 0-390 Lies 0-326 0:127 
S00) > 1.00502 0-450 8°95 0-307 | 0:°138 
12 0-0747 0-486 6-46 0-320 | 0-157 
14 0-iG25 0-495 4-82 347 BO" 176 
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TABLE 3. 
SERIES A, z/c = 0-5. 
AEROFOIL No. 1, CAMBER = 6-075, 
Size of Plane, 6-inch by 36-inch. 


SSS 


Angle. Drag Liit L/D | C.P. | Mo ment 
Degrees. | Coefficient. Coefficient. | ; | Coefficient, | Coe ficient, 
| | 
— 6 0-0321 — 0-172 — 5:35 |+0:101 | —0-0176 
— 4 O-O191 —0:076 — 4:00 | —06-233 | +0:0178 
— 3 0-O0151 — 0-030 — 1:96 iia Os soe 0-0309 
— 2 0-0127 | +0-019 sh. PS 2e ih Se 2 oe 0-0447 
~—- | 0-O111 0-066 594 4) 0-867 0-0572 
0 0-0103 0-111 10°7 | » 06332 4° 7020702 
+ 1 0-0101 0-153 15°] O°521> 4 0-0800 
2 0-0118 0-186 15+7 0-459 0-0850 
3 0.0133 0-216 16-3 0-420 0-0910 
4 0-0155 0-256 16:5 0-391 0-100 
5 0-0190 0-290 15-2 0-369 Oe 107 
6 0 -0227 0-323 14-2 0-351 0-113 
8 0 -0330 0-387 Woy 0-320 0-124 
10 0-0495 0-446 9-00 0-302 0-134 
12 0 -0762 0-485 6-40 0-319 0-156 
14 0-1005 0-460 4°58 0-360 0-170 


TABLE 4. 
SERIES A, z/c = 0:5. 
AEROFOIL No. 1, CAMBER = 0-075, 
Size of Plane, 6-inch by 36-inch. Speed, 50 ft. /sec. 


Angle. 


Drag Lift | L/D C.P. Moment 
Degrees. | Coefficient. Coefficient. ; Coefficient. Coefficient. 
— 6 | 0 -0322 — 0-174 — 5:4 + 0-113 0: 020 
— 4 0-0190 — 0-0811 — 4-25 — 0-193 + 0-0156 
— 3 0:0154 | —0-0376 — 2-44 — 0-723 0-0273 
— 2 0-0130 | + 0-0095 aay Ubi: + 4-12 0-0391 
— | 0-0117 0-0532 4-54 0+ 952 0-0505 
0 0 -0136 0-099 8-70 0-644 | 0-0640 
+ 1 0-0109 0-149 13-7 0-525 0-0780 
yi 0-0114 0-187 16:4 0-458 0 -0860 
3 0-0129 0-217 16-8 0-414 0-0900 
4 0-0156 0-251 LG = 0-389 0-0975 
5 0-0186 0-284 15-3 0-366 0-104 
6 0 -0232 0-322 13-9 0-346 0-111 
8 0 -0330 0-380 11-5 0-314 0-120 
10 0-0495 0-442 8-96 0-299 0-132 
12 0-0765 0-480 6-26 0-315 0-153 
14 0-1046 0-461 4-40 0-360 0-170 


Angle. 
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TABLE 5. 
SERIES A, x/c = 0:5. 
AEROFOIL No. 1, CAMBER = 0-075. 


Drag Lift CP. 


Size of Plane, 6-inch by 36-inch. Speed, 40 ft. /see. 


an 


Moment 
Degrees. | Coefficient. Coefficient. L/D. Coefficient. Coefficient. 
a 0-0321 — 0-176 — §-47 + 0-101 | —0-0208 
— 4 0:-0193 —0:084 | — 4:34 | — 0-187 | + 0-0156 
—s S 0:0157 — 0-043 — 2-72 | — 0-610 0-0260 
— 2 0:0137 | + 0-001 | + 0:04 | +72-8 0 -0364 
—)*] 0-0122 0-041 3:38 1-14 0-0472 
0 0-0120 0-081 | 6-90 0-705 0:0575 
+ 1 0-0117 Q-129 11-0 0-550 0-0710 
2 0-0117 O30 sei ae LO, 0-474 0-0870 
3 0-0130 Oe Zl) tLO* 5, 0-421 0-0900 
+ 0-0157 0-250 | 15-9 0-387 00-0965 
5 0-0189 0-282 14-9 0-362 0-102 
6 0-0235 0-317 °°; 13-5 0-344 O2109 
8 0-0340 0-380 11-2 0-312 0-118 
10 0-0500 0-438 8-78 0-297 0-130 
12 0-0770 0-478 6-20 0-320 0-152 
14 0-1017 0-448 | 4-40 0-358 0-162 


Angle. Drag Lift L/D C.P. Moment 
Degrees. | Coefficient. Coefficient. . Coefficient. Coefficient. 
-= 40 0-0314 | —0-145 — 4-59 + 0-038 — 0-0055 
— 4 0-0182 | —0-040 — 2:18 — 0-076 + 0-0301 
— 2 0-0117 | + 0-056 + 4°14 + 1-12 0-0625 
—- 1 0-0102 0-098 9-63 0-749 0-0733 
0 0-0099 0-109 13-2 0-611 0-0790 
+ 1 0-0103 0-163 15-4 0-526 0 -0857 
2 0-0121 0-197 16-4 0-475 0-0938 
3 0-0139 0-232 16-7 0-441 0-102 
4 0-0162 0-265 16-3 0-416 0-110 
5 0-0192 0-300 15°5 0-395 0-118 
6 0-0225 0-332 14-7 0-379 0-126 
8 0 -0337 0-400 LV:3 0-355 0-142 
10 0-0480 0-457 9°52 0-339 0-155 
12 0-0695 0-505 7°24 0-330 0-167 
14 0-1030 0-535 5°17 0-334 0-178 


TABLE 6. 
SERIES A, x/c = 0:5. 
AEROFOIL No. 2, CAMBER = 0-080. 
Size of Plane, 6-inch by 36-inch. Speed, 80 ft. /sec. 
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TABLE 7. 
SERIES A, x/c = 0-5. 
AEROFOIL No. 3, CAMBER = 0-090. 
Size of Plane, 6-inch by 36-inch. Speed, 80 ft. /sec. 


Angle. Drag Lift C.P. Moment 
Degrees. Coefficient. Coefficient. L/D Coefficient. Coefficient, 
— 562 1 i 04030 0108 — 3-34 —) 427 0-0128 
ee O12 — 0-006 — 0°33 — 7-50 0-0450 
— 2 0-0122 + 0-081 + 6-71 + 0-958 0-0770 
— 1 0-O0112 0-149 10-62 0-730 0:0870 
0 | 0-0108 0-152 14-11 0-624 0-0950 
+ J 0-O111 0-180 16-18 0-546 0-0980 
2 0-0128 0-211 16°8 0-492 0-104 
3 0-0144 0-242 16-7 0-451 0-109 
“i 0-0167 0-271 16-2 0-426 0-116 
5 0-0195 0-308 15-8 0-402 0-124 
6. 0:0228 0-344 14-8 0-385 0-132 
8 0-0341 0-407 11-9 0-358 0-146 
10 0-0473 0-466 9-86 0-342 0-159 
12 0-0670 0-514 1°67 0-328 0-169 
14 0-0954 0-544 5:70 0-333 0-180 


TABLE 8. 


SERIES A, x/c = 0-5, 
AEROFOIL No. 4, CAMBER = 0-1. 
Size of Plane, 6-inch by 36-inch. Speed, 80 ft. /sec. 


Angle. Drag Lift L/D C.P. Moment 
Degrees. | Coefficient. Coefficient. /D. Coefficient. Coefficient. 
— 6 0:0341 | — 0-096 — 2-81 — 0-242 0 -0232 
— 4 0-0208 — 0-006 — 0:27 + 8-47 0-0482 
— 2 0-0138 + 0-076 + 5-51 1-07 0-0810 
— |i 0-0120 0-114 9-47 0-804 0-0910 
0 0:0114 0-151 13°15 0-650 0-0980 
+ i 0-0115 0-179 15-60 0-576 0-103 
2 0:0126 0-210 16-55 0-512 0:108 
3 0-0140 0-240 16-8 0-470 0-113 
0-0162 0-270 16°6 0-441 0-119 
5 0:0186 0-303 16-1 0-414 0-125 
6 0-0217 0-335 15-4 0-396 0-133 
8 0 -0297 0: 397. 13-3 0-369 0-146 
10 0-0405 0-455 11-2 0-350 0-159 
12 0-0554 0-514 | 9°27 0-335 0-172 
14 0-0748 0-552 7°35 0-332 0-184 
16 0-1045 0-531 47 65-07 0-354 0-188 
| 
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TABLE 9. 
SERIES A, a/c = 0-5. 
AEROFOIL No. 5, CAMBER = 0-12. 
Size of Plane, 6-inch by 36-inch. Speed, 80 ft. /sec. 


Angle. Drag Lift L/D C.P. Moment 
Degrees. | Coefficient. Coefficient. ; Coefficient. Coefficient. 
— 6 | 0-0275 — 0-009 — 0-34 — 5°81 0-054 
— 4 a 0159 + 0-066 + 3-48 + 1-38: 0-090 
— 2 | 0-0144 0-143 OM be 0-748 0-107 
— 1 0-0138 0-178 12-85 0-647 0-115 
0 0-0139 0-217 15-60 0-575 0-125 
+ 1 0-0150 0-253 16-85 0-523 0-132 
2 0-0166 0-283 17-00 0-486 0-138 
3 0-0183 0-309 16-83 0-462 0-142 
4 0 -0200 0-326 16-38 0-434 0-142 
5 0-0228 0-347 Vosst7 0-412 0-143 
6 0 -0257 0-373 14-52 0-393 0-146 
8 0 +0332 0-425 12-80 0-370 0-157 
10 0 -0440 0-479 10-88 0-352 0-168 
12 0-0556 0-535 9-55 0-341 0-182 
14 0-0742 0-577 iw es 0-333 0-192 
16 0-0959 0-590 6-15 0 338 0-200 
TABLE 10. 


SERIES A, x/e = 0:5. 
AEROFOIL No, 6, CAMBER = 0-16. 
Size of Plane, 6-inch by 36-inch. Speed, 80 ft. /sec. 


Angle. Drag Lift L/D -P. Moment 
Degrees. { Coefficient. Coefficient. : Coefficient. Coefficient. | 
— 8 0 -0467 0-021 0-46 —_ os 
— 6 0-0336 0-074 2219 1-35 0-099 
— 4 0-0240 0-145 6-19 0-874 0-125 
— 2 0:0199 0-222 11-13 0-671 0:149 
— | 0:0193 0-264 13-7 0-613 0-162 
0 0-0201 0-295 14-7 0-567 0-167 
+ 1 0:0214 0-329 15:4 0-535 0-176 
2 0-0239 0-371 15-5 0-505 0-188 
3 | 0-0263 0-404 15-3 0-486 0-196 
4 0 -0292 0-436 14-9 0-466 0-203 
5 0-0317 0-445 14-0 0-450 0-200 
6 0-0345 0-446 12:9 0-439 0-196 
8 0-0399 0-445 18 sa! 0-406 0-181 
0-0470 0-462 9-85 0-387) 49 40+178 
0-0581 0-503 8-65 0-371 0-187 
0-0691 0-538 7°77 0-363 0-195 
0-0844 0-570 6-75 0-356 0-203 
0-1000 0-600 5°97 —— — 
0-1282 0-600 4-66 — _— 
0:1465 0-590 4°05 — —_ 


TABLE 11, 
SERIES A, x/c = 0-5, 
AEROFOIL No. 7, CAMBER = 0-20. 
Size of Plane, 6-inch by 36-inch. Speed, 80 ft. /sec. 


Angle. | Drag Lift L/D Ca. Moment 
Degrees. | Coefficient. Coefficient. Coefficient. Coefficient. 
— 30 0-1835 — 0:0615 : — 0:037 00054 
— 25 0-1425 + 0:0108 — 0-95 0-048 
— 20 0-1110 0-062 , + 3-9 0-078 
— 18 0-1000 0-080 — — 
— 16 0-0908 0-096 . 1-41 0-095 
— 14 0-0802 0-108 — — 
— 12 0 -0722 0-118 1-037 0-104 
— 10 0 -0626 0-119 : —— —_— 
— 8 0-0516 0-118 . 1-037 0-114 
— 6 0-0418 0-134 . 1-001 0-128 
— 4 0 -0328 0-183 : 0-834 0-153 
— 3 0 -0299 0-219 aoa — 
— 2 0 -0280 0-257 0-672 0-172 
— | 0 -0268 0-292 0-619 0-181 

0 0 -0272 0-330 0-578 0-190 
+ 1 0 -0282 0-364 0-548 0-199 
2, 0 -0304 0-402 0-515 0-207 
3 0-0325 0-439 0-497 0-217 
4 0-0365 0-466 0-483 0-225 
6 0:-0440 0-496 0-469 0-232 
8 0-0520 0-509 0-455 0-230 
10 0-0603 0-506 0-422 0-214 
12 0 -0687 0-506 0-401 0-203 
14 0-0790 0-530 0-389 0-206 
16 0-0905 0-552 0-381 0-211 
18 0-1022 0-582 0-374 0-218 
20 0-1130 0-589 0-371 0-222 
25 0-1690 0-569 0°382 0-216 
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TABLE 12. 
SERIES B, 2x /c = 0-375. 
AEROFOIL No. 1, CAMBER = 0-075. 
Size of Plane, 6-inch by 36-inch. Speed, 70 ft. /sec. 


OP. Moment 


aaa ELI EATER EES SR EE SE RS 


Angle. 


Drag Lift | 
Degrees. |" Coefficient. Coefficient. L/D. Coefficient. Coefficient. 
— 4 0-0190 — 0-071 — 3:77 — 0:216 0:0152 
— 2 0:0123 | +0-0185 + 1-50 + 2-16 0 -0400 
— l 0-0104 0 -0665 6°35 0-768 0-0510 
0 00098 0-109 Neha 0 +568 0 -0620 
+ ] 0-0100 0-147 14-8 0-476 0-0700 
2 0-0120 0-186 15-4 0 +423 0-0785 
3 0-0139 0-218 15-7 0-390 0 -0850 
5 0-0197 0-286 14-4 0-350 0-100 
8 0:0316 0-385 12°2 0-310 Orlt9 
11 0-0546 0-483 8-86 0-280 0-135 
14 0-102 0-497 4-87 0 +325 0-161 


TABLE 13, 
SERIES B, x /e = 0-375. 
AEROFOIL No. 1, CAMBER = 0-075. 
Size of Plane, 6-inch by 36-inch. Speed, 60 ft. /sec. 


eee Drag Coefficient. Lift Coefficient. L/D. 
— 6 0-0318 | — 0-161 — 5:10 
—A4 0-0189 | — 0:0712 — 3°76 
— 2 0-0123 + 0:0158 + 1-28 
— 1 0-0106 | 0-0634 5°95 
0 0-0102 | 0-109 10°6 
+ 1 0-0102 | 0-150 14°6 
2 0:0116 0-185 15:9 
a 0-0136 0-221 16-2 
5 0-0188 0-292 15-4 
8 0-0318 0-394 12-4 
11 0 -0567 0-483 8°51 
14 0-1042 0-495 4-76 


TABLE 14. 


SERIES B, 2/c = 0-375. 


AEROFOIL No. 1, CAMBER = 0-075. 


Size of Plane, 6-inch by 36-inch. Speed, 50 ft. wie 


Angle. 


Degrees. 


-- 
CNWNH Orn SO 


Drag Coefficient. 


°0317 
-0188 
-0122 
‘0110 
‘0108 
-0108 
‘O113 
‘0127 
-0182 
-0313 
‘0565 
‘0990 
-160 


(ea) (ee es) (os) fos yar) (ea ian) (es) (ee) (ae fe) (em) 


Lift Coefficient. 


el 


eee ee aS) SS ees) 


TABLE 15. 


-160 
-0733 
‘0113 
‘0564 
-6980 
-145 
-181 
-218 
“291 
-387 
‘478 
-486 
-453 


SERIES B, 2 /c = 0-375. 


aa 
: 


AEROFOIL No. 1, CAMBER = 0-075. 


Size of Plane, 6-inch by 36-inch. Speed, 40 fet. nee 


fi lealectsele 


+ 
ONnNWN—O-W & DO 


—t pat pe 
CO > 


Lift Coefficient. 


0-0710 —- 0-243 
0 -0487 — 0:°222 
0+1330 — 0-162 
0*0199 — 0:079 
0-0131 + 0-0046 
00118 0-047 
0-0120 0 -0896 
0-0114 0-136 
0-0117 0-183 
0-0129 0-215 
00194 0-286 
_ 09-0322 0-385 
0:0541 0-469 
0-1035 0-474 
0-1450 0-435 


apo ceed ea 


SS A Cer 


TABLE 16. 
SERIES B, z/c = 0:375. 
AEROFOIL No. 2, CAMBER = 0-08. 
Size of Plane, 6-inch by 36-inch. Speed, 70 ft. /sec. 


Angle. Drag Lift | L/D C.P: Moment 
Degrees. | Coefficient. Coefficient. | Coefficient. Coefficient. 
— 4 0 -0204 — 0:0659 — 3:22 — 0:290 O09! 
— Z 0:0125 |+0-0310 | + 2:50 +1:-465 | 0:0455 
— | 0-0109 0:0747 6-86 0-761 0 -0569 
0 0-0107 0-116 10:8 0-569 0 -0664 
+ 1 0-0118 Eg gos Ne a eg Ag 0-487 0-0735 
2 0-0137 0-187 13-7 0-488 | 0:0820 
3 0-0158 0-223 14-1 0-397 0 -0882 
5 0-0208 0-290 13-9 OPS51G i) 1 2102 
8 0-0364 «390-25 7 10-7 0-312 0-122 
11 0-0553 0-482 | 8-80 0-293 0-141 
14 0-1015 0-496 | 4-90 0-335 0-166 


TABLE 17, 
SERIES B, 2 /c = 0-375.) 
AEROFOIL No. 3, CAMBER = 0-09. 


Angle. Drag Lift | L/D C.P. Moment 
- Degrees. Coefficient. Coefficient. Coefficient. Coefficient. 
: — aa 
— 4 0 -0192 — 0:6274 — 1-42 — 1-373 0-0082 
— 2 0-0127 | + 0-064 + 5:02 + 0-967 0-0618 
sei | 0° O01S OP LOTS 9-60 0-675 0 -0724 
Oye) O-0111 0-146 |. 13+} 0-556 0-0815 
+ 1 0-0124 0-180 14:5 0-493 0 -0888 
2 0-0141 0-212 15+1 0-442 §| 00-0935 
3 0-0166 0-242 |; 14:6 O-4159 07 10100 
5 0-0218 0-314 14-3 0-368 0-115 
8 0 +0364 0-411 11-3 0-330 0-136 
11 0-0556 0-498 8-95 0-302 0-150 
14 0-1006 0°533 5°30 0-331 Oek77 
18 0-181 0° 576-07 3°18 0-366 0-211 
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TABLE 18. 
SERIES B, a/c = 0-375. 
AEROFOIL No. 4, CAMBER = 0-1. 
Size of Plane, 6-inch by 36-inch. Speed, 70 ft. /sec. 


Angle. Drag Lift L/D C.P. Moment 
Degrees. | Coefficient. Coefficient. ; Coefficient. Coefficient. 
— 6 0-0309 —0:0905  — 2-93 — 0-194 0:0181 
— 4 0:-0185 | + 0-0065 + 0:35 + 8:09 0-0525 
— 2 0-0126 0-0911 | 7°29 0-805 0:0735 
— | 0-0115 0-131 ee ts 0-621 0:0815 
0 0:0114 Oe Ot ee) | tl 420 0:544 0 -0890 
+ 1 0-0127 0-202 9m) lose 0-483 0-0980 
2 0:0146 0-234 16:0 0-446 0-104 
3 0-0170 0-268 157 0-415 0-111 
5 0:0215 0-332 | 15:4 0-362 0:121 
8 0-0339 0-425 | 1255 0-341 0-147 
11 0:0519 0-506 9-80 0-316 0-160 
14 0-0805 0-561 6-96 0-312 0-176 
18 0:1225 0-582 4-75 0-329 0-191 
22 0-141 | 0-506 3°56 —_— — 


TABLE 19, 
SERIES B, 2 /c = 0-375. 
AEROFOIL No. 5, CAMBER = 0:12. 
Size of Plane, 6-inch by 36-inch. Speed, 70 ft. /sec. 


Angle. Drag Lift L/D C.P. Moment 
Degrees. | Coefficient. Coefficient. Coefficient. Coefficient. 
— 8 | 0-0454 | —0-1048 — 2-32 — 0-029 0 -0032 
— 6 0-:0302 | —0-0376 — 1-25 — 1-00 0 -0400 
— 4 0-0197 | + 0-0476 + 2°42 + 1-497 0-0711 
— 2 0-0146 0-1268 8-66 O27iS 0-0910 
— Jj 0-0142 0-1642 11:5 0-603 0-100 
0 0-0141 0-208 14:8 0-529 0-110 
+ | 0-0147 0-243 16-5 0-487 0-118 
2 0:0171 0-281 16-4 0-455 Q-127 
3 0-0192 0-316 16-4 0-427 0-135 
5 0 -0248 0-372 15-0 0-390 0-146 
8 0:0361 |. 0-445 12-35 0-355 0-160 
11 0-0514 0-511 9-96 0-332 0-170 
14 0-0700 Uey ye 8-16 0-319 0-182 
18 0-1268 | 0-531 4-60 0-345 0-200 
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TABLE 20. 
SERIES B, x/c = 0-375. 
AEROFOIL No. 6, CAMBER = 0-16. 
Size of Plane, 6-inch by 36-inch. Speed, 70 ft. /sec. 


Angle. Drag Lift L/D .P. Moment 
Degrees. | Coefficient. Coefficient. : Coefficient. Coefficient. 
— 8 0-0495 | —0:0025 | — 0-051 —5-23 0-047 
— 6 0-0366 |+0-0368 | + 1:00 42-21 0-071 
— 4 0-0266 0-112 4-20 0-908 | 0-102 
— 2 0-0208 0-196 9-40 0-631 | 0-124 
— 1 0-0201 0-231 11-50 0-573 0-132 
0 0-0201 | 0-269 13-4. | 0-522 0-140 
+ 1 0-0210 0-304 14-4 | 0-489 | 0-148 
2 0-0234 0-337 14-4 0-462 | 0-156 
3 0 +0257 0-375 14-6 0-441 0-166 
5 0-0314 0-439 14-0 | 0-414 | 0-182 
8 0-0411 0-497 12-1 ae) 317 ee 0-187 
11 0-0542 0-523 9-65 {| 0-353 | 0-185 
14 0-0647 0-552 8-50 0-344 0-190 
18 0-0844 0-598 7°10 0-342 0-204 
7483 0-139 0-580 4-18 0-356 0-211 


TABLESZ. 
SERIES B, x /c = 0-375. 
AEROFOIL No. 7, CAMBER = 0-20. 


Size of Plane, 6-inch by 36-inch. Speed, 70 ft. /sec. 


Angle. Drag Lift CP: Moment 
Degrees. Coefficient. Coefficient. L/D. Coefficient. Coefficient. 
— 10 0-0601 — 0:-0123 — 0:20 — 1-52 0-0335 
— 8 0-0494 — 0:0056 — 0-11 — 3°37 0-0438 
— 6 0:0363 | + 0-0334 + 0-92 + 2-36 0-0685 
— 4 0-0263 0-108 4-10 0-929 0-0980 
— 2 0-0208 0-188 9-00 0-646 O-LZ1 
— | O-0191 0-224 iG Ey, Ct Jared eee AS 
0 0:0205 0-258 12-5 oe AUS 32 0-137 
+ 1 0-0215 0-292 13:6 / 0-494 0-144 
2 0 -0224 0-328 14-6 0-465 0-152 
3 0 -0249 0-364 14-6 0-444 0-161 
5 0 -0308 0-430 13°9 0-413 O*178 
8 0-0414 0-487 11-7 0-379 0-185 
11 0 -0536 0-509 9-47 0-355 0-180 
14 0-0728 0-537 7°3 0-346 0-186 
18 0-102 0-565 5°52 0-344 0-196 
22 0-133 0:576 - 4-34 0-345 0-202 
20 0-184 0-555 3-60 0-362 0-212 
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TABLE 22. 
SERIES B, a/c = 0-375. 
AEKROFOIL No. 7, CAMBER = 0-20. 
Size of Plane, 6-inch by 36-inch. Speed, 60 ft. /sec. 


ber aset | Drag Coefficient. Lift Coefficient. L/D. 
— 10 0-0592 — 0-0066 — 0-11 
- 8 0-0480 fant 0:0014 + 0-33 
— 6 0-0356 0-0381 1-07 
— 4 0 +0257 0-120 4-66 
— 2 0-0211 0-196 9-30 
—- |i 0-0198 0-236 11-9 
0 0-0205 0-272 13-1 

+ 1 0-0218 0-310 14-2 
2 00233 0-340 14°6 

3 0-0265 0°372 14-1 

5 0 -0320 0-442 13°8 

8 0°0431 0-505 Tie 

11 0-0558 0-522 9-35 

14 0-0740 0-536 7°24 
18 0-1042 0-556 5°34 
ine 0-1353 0-566 4-17 
25 0-196 0-537 2°74 

TABLE 23. 


SERIES B, 2/c = 0-375. 
AEROFOIL No. 7, CAMBER = 0-20. 
Size a Piane, 6-inch by 36-inch. oes 50 St pa 


Angle. Drag Coefficient. | x Lift Coefficient. L/D. 
egrees. 
— 10 0-0603 | — 0:0044 — 0-007 
- 8 0 -0485 + 09-0071 + 0-016 
— 6 0-0359 0 -0425 1-19 
—- 4 0 -0258 0-122 4-75 
— 2 0-0208 0-208 10-0 
—- 1 0-0203 0-243 12-0 
0 0-0215 0-275 12-8 
+ 1 00225 0-314 14-0 
D, 0-0254 0-344 13-6 
3 0 -0268 0-377 14-0 
2 0 -0323 0-446 13-8 
8 | 0 -0432 0-520 12-0 
H1 : 0-0559 0-533 9°55 
14 | 0-0750 0-540 722 
18 0-1035 0-557 5°40 
22 | 0-143 0-561 3-93 
25 0-201 0-498 2:48 
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TABLE 24, 
SERIES B, x /c = 0-375. 
AEROFOIL No. 7, CAMBER = 0-20. 
Size of Plane, 6-inch by 36-inch. Speed, 40 ft. /sec. 


al SI ST RELY Sg SS a ea 
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Degrees. Drag Coefficient. | Lift Coefficient. Lp: 
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AN INVESTIGATION INTO THE NATURE OF THE FLOW 
IN THE NEIGHBOURHOOD OF AN AIRSCREW. 


By J. R. Pannewy, A.M.I.M.E., and R. Jonzs, M.A. 


Reports and Memoranda (New Series), No. 371. December, 1917. 


SUMMARY.—(a) Introductory. (Reasons for inquiry.)\—The investigation 
was originally undertaken in response to a request from the R.N. Airship 
Station, Kingsnorth, for information as to the behaviour of the slip stream 
of an airscrew whose axis was inclined to the wind. The measurements 
were more particularly required at the same relative position behind the 
airscrew as the rudder occupies on the North Sea non-rigid airship. The 
request for the work was accompanied by the information that rudders 
had broken under certain circumstances, and it was suggested that the 
cause might be that during a turn the slip-stream from the airscrew 
struck the vertical stabilising surface. It was felt that the value of the 
investigation would be increased by observations of the structure of the 
slip-stream, and measurements were therefore taken, with the axis of the 
airscrew parallel to the wind, at varying distances from the airscrew. 
To define the motion completely a very large number of observations would 
be required, and though the observations made for this purpose occupy 
the greater part of the report the information is incomplete in man 
respects. } 


Diagrams showing the type of flow which occurs in the neighbourhood 
of an airscrew were given in the Italian Aeronautical Journal for 1912, 
but they were not accompanied by numerical values. 


Similar investigations have also been carried out on aeroplanes at the 
R.A.F. and reported in R. & M. 382. 


(b) Range of the investigation—The airscrew used was a four-bladed 
one, 16 inches in diameter; it was mounted, with an electro-motor for 
driving it, on a portable framework, which could be moved about in the 
channel. The yawmeter was mounted on the chuck of the balance, 
the ends of the tubes being at the same height as the axis of the airscrew. 
The co-ordinates of the points at which observations were made were 
varied by moving the airscrew. 


Experiments were carried out at wind speeds of 20 and 40 ft. /sec. 
and rotational speeds of 1,080, 2,150 and 2,860 revs. per minute. Measure- 
ments were made in a section of the slip-stream 8 diameters behind the 
airscrew with the axis of the airscrew parallel to the stream and aiso yawed 
at angles of 10% and 20°. In addition, when the axis was parallel to the 
stream, observations were made at distances of 1, 3, 8 and 64 inches from 
the airscrew in the slip-stream and at 4 and 2 inches from the airscrew 
on the inflow side. The observations define the resultant velocity in 
magnitude and direction and the component velocities along the axes 
X, Y and Z have also been calculated ; where the origin is fixed at the 
centre of the airscrew and the axes are drawn parallel to the channel 
axes, 1.e., the axis of X drawn down wind, &c. 
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The airscrew has been tested on the whirling arm and values of thrust 
and torque coefficients, and efficiency are given. 


(c) Conclusions. Axis yawed.—Sufficient observations were obtained 
to define the path of the slip-stream at various values of the advance 
per rev., which, with a knowledge of the angular velocity of the ship, 
could enable the position of the slip-stream as it passes the rudders to be 
calculated. 


Axis stvaight—The minimum diameter.of the slip-stream appears to 
lie between 0:2 and 0°5 diameter behind the airscrew and to have a value 
less than 0°75 of that of the airscrew. The limits of the slip-stream are 
very sharply defined within 0°5 airscrew diameter, but become less marked 
at greater distances, while the diameter of the slip-stream is greater than 
that of the airscrew. The boss of the airscrew has a marked effect in reduc- 
ing the local velocity. 


It is interesting to observe that the stream just outside the slip-stream 
but within 0°5 diameter of the airscrew has a velocity less than that of 
the undisturbed wind. 


The spin of the air is inappreciabie on the inflow side within 2 inches 
of the airscrew, but is very marked in the slip-stream and quite measurable 
ai: 8 diameters. 


A selection of the results was compared on an advance per revolution 
base and showed good agreement at the overlapping points. It may be 
noted that the component along the direction of the channel becomes 
equal to the channel speed at the no thrust advance per rev. and that the 
spin vanishes at the no torque advance per rev. 


(d) Applications and further developments.—The observations with the 
axis parallel to the wind should be repeated on a larger airscrew and 
additional sections observed, particularly between 0°5 and 3 diameters. 
Dr. Stanton has pointed out that useful information would be obtained 
from measurements of static pressure, particularly near the boundary 
of the slip-stream. 


This investigation of the velocity and direction of the air flow behind 
an airscrew when the latter is either parallel to or inclined to the stream 
provides valuable data for the design of aeroplane and airship controls, 
and further measurements could usefully be made, with the axis yawed, 
at positions about 3 diameters behind the airscrew. Similar data should 
also be obtained for a more efficient airscrew. 


The experiments were undertaken in response to a request 
from the Royal Naval Airship Station, Kingsnorth, for information 
as to the behaviour of the slip-stream from an airscrew, when the 
axis of the airscrew is inclined to the wind, the object of the 
investigation being to determine the position of the rudder of an 
airship relative to the slip-stream of the airscrew, when the ship 
is turning. It was thought desirable while the apparatus was 
erected in the channel to investigate also the structure of the 
slip-stream. Accordingly measurements were made with the 
direction and velocity meter (or yaw meter) when the airscrew 
axis was along the wind, at a number of positions, and values of 
the three velocity components u, v and w along the axes of 
X, Y¥ and Z were calculated. The origin of co-ordinates is at 
the centre of the airscrew boss, and the positive directions of the 
three axes are X along the channel wind direction, Y to port 


298 


(i.e., to the left when facing the wind), and Z vertically upwards. 
If, then, the angle between the plane ZOX and that containing 
the Z axis and the resultant wind (V) be «, and the angle between 
the direction of V and the plane XOY be B (see Fig. 3) 


then u = V cose cos 6 
v = V sin «cos B 
w = V sin £. 


The experiments were conducted in the No. 1 7-foot channel, 
with the airscrew rotating at three different speeds, viz., 1,080, 
2,150 and 2,860 revolutions per minute. 


For each of these three speeds observations were taken with 
the channel wind at rest, and also at wind speeds of 20 and 40 feet 
per second. With an airscrew of 16 inches diameter, values of 
U [nd ranging between 0-32 and 1-67 were thus obtained, where 
U is the channel speed, » the number of revolutions per minute, 
and d the diameter of the airscrew. 


The sections of the slip-stream examined were those at 
128 inches (8 diameters), 64 inches, 8 inches, 3 inches and 1 inch 
behind the airscrew. In the first case measurements were taken 
with the airscrew axis inclined at angles (4) of 0°, 10° and 20° to 
the direction of U; it was assumed that the rudder of an Astra 
Torres (North Sea type) airship, concerning which the information 
was required, would be about 8 diameters behind the airscrew. In 
addition two sections, 4 inches and 2 inches in front of the air- 
screw, were considered. 


The investigation of any particular section consisted in 
taking measurements that would determine the three component 
speeds, at different points along the intersection of the vertical 
plane of the section and the horizontal plane through the airscrew 
axis. Observations were taken on both sides of the axis of the 
slip-stream, the radius being increased until the limits of the 
airscrew wake had been defined. 


The yaw meter (which is described in detail in Rep. No. 156, 
1914-15, p. 176) was mounted vertically on the balance, and 
could consequently be rotated about a vertical axis. The zero 
position (or datum relative to which subsequent angles were to 
be measured) for the horizontal tubes A and B was found by 
running the channel with only the yaw meter in place, and turning 
the balance until the pressures in the two tubes were equal. 
Having done this the direction of the plane containing the vertical 
and the resultant wind speed at any time, could be read off directly 
by turning the balance as before, until the pressures balanced. 
The difference between the two readings gave the angle a. 


The determination of the angle 8 and the magnitude of V 
is not so straightforward. If the motion to be examined were two 
dimensional (7.e., if 8 were zero), the difference of pressure between 
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one of the tubes A and B and the suction tube E would be exactly 
proportional to V*, and a calibration at different wind speeds 
would suffice. But the inclination 6 of the wind to the horizontal 
plane has an appreciable effect on the pressures in A and B, 
and hence such a calibration will not determine the velocity in 
three dimensional problems. Moreover, until the magnitude of 
the resultant velocity V is known, the value of 8 cannot be 
determined, for the difference of pressure in the two remaining 
pressure tubes C and D also varies as V7. Consequently, in order 
to have a complete calibration of the instrument, it was mounted 
horizontally on the balance so that rotation about a vertical axis 
was equivalent to a variation of the angle ®. The difference 
of pressure was then observed (i) between the tubes A and E, 
and (ii) between the tubes C and D, at different wind speeds 
and various angles in the horizontal plane. A chart embodying 
all these observations was then prepared, in the manner devised 
by Mr. H. E. Collins, in which the C and D readings were plotted 
against the square roots of the A and E readings for particular 
speeds and angles (see Fig. 4). Values of V and 6 could now be 
read off for each position investigated, During the experiments 
the yaw meter was mounted vertically and the angle « determined 
in the manner described above ; then the C and D, and A and E 
observations were taken, with the yaw meter set in the position 
where the pressures in A and B’balanced. On taking the square 
root of the A and E pressure difference, and finding the position on 
the chart corresponding to this, and the C and D difference, the 
values of V and 8 were obtained, whence on substituting in the 
formule given above uw, v and w were easily calculated. 


The four-bladed airscrew, details of which are given in Fig. 2 
and Table 1, was mounted on a horizontal shaft, whose support 
was fixed to a movable frame on which also stood the motor for 
driving the airscrew. It is essential in experiments of this kind 
to support the yaw meter on the balance, and this method of 
support made it possible to move the airscrew about in the 
channel with its axis in a horizontal plane (see Fig. 1). 


During the preliminary experiments the speed at which the 
airscrew rotated was measured with the aid of an electric bell 
and worm gear on the airscrew shaft. It was desired, however, 
to set the speed to a predetermined value, and as the method 
was unsuitable for this purpose it was rejected in favour of an 
electrical frequency meter. This was connected to a commutator 
attached to the end of the airscrew shaft. By this means it was 
possible to make 1, 2, 3, 4 or 5 contacts per revolution at will. 
The range of the frequency meter, which was only 45-55 cycles 
per second, was thus extended. The meter having been first 
calibrated by means of the bell and worm gear, a constant airscrew 
speed could be obtained by means of a variable resistance in the 
motor circuit. 
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Results.—The results are given in the tables* ; the magnitude 
of the resultant wind speed V and its direction angles « and 8 
are given as well as the calculated components u, v and w, for 
all positions, and rotational and translational speeds. Most of 
the resnits have also been plotted and the curves are given in 
Figs. 5-16. Three methods of representing the results graphically 
have been resorted to. 


(i) For U = 20 and 40 ft./sec. and n = 2,860 revs./min., 
a horizontal section of the slip-stream through the airscrew axis 
has been taken (7.e., the plane Z = 0) and wu — U has been com- 
pounded with v for all the points at which observations were 
taken. This gives the “ effect’ of the airscrew in this horizontal 
plane. The results are represented in Figs. 5 and 6. The 
horizontal positions of the sections x = — 4 ins., — 2 ins., 1 in. 
and 2 ins. are relatively correct, but those of x = 8 ins., 64 ins. 
and 128 ins, aye purely arbitrary. 


Further, to show the effect of the airscrew in a vertical 
plane perpendicular to the axis of the airscrew, the components 
v and w have been compounded for the same values of U and n 
for all the sections, viz., « = — 4 ins., — 2 ins., + 1 in., 3 ins., 
8 ins., 64 ins. and 128 ins. (Fig. 7). The heads of the arrows 
give the co-ordinates of the positions in all three figures. 


The results in Figs. 5, 6, 7 are shown as they would appear 
to an observer at rest relative to the undisturbed wind. 


(ii) For the sections « = — 2 ins., 1 in., 3 ins. and 8 ins. 
(z = 0), the values of w/U, v/U and w/U have been plotted against 
U /nd for certain values of y, when the channel speed was 201t./sec. 
and 40 ft./sec. and for all three airscrew speeds (Figs. 8 and 9). 

(iii) For the sections « = -— 2ins., + lin., 3ins., 8 ins., 64 ins. 
and 128 ins., the values of w, v and w have been plotted against y ; 
zis, of course, = 0 throughout. 


(iv) The airscrew has also been tested for thrust and torque 
on the whirling arm. The results are plotted against U/nd in 
Fig. 17, the absolute coefficients thrust and torque and the 
efficiency being given. 


Remarks.—Mention may be made of the opportunities afforded 
to check the results when plotting values of w/U, v/U and w/U 
against U/nd (Fig. 9). The observations at 20 ft. per second 
were taken at values of U /nd between 0-32 and 0-84, and for those 
at 40 ft./sec. U/nd lay between 0-63 and 1-67. Plotting the 
results at the two wind speeds on a U/nd base, then, gives a 
curve of which the two parts determined at different wind speeds 
overlap. In a great majority of cases the overlapping parts 
coincide, the discrepancies arising when the observations were 
taken behind the airscrew boss, where apparently almost anything 
may happen (see especially the curves for x = + 1, Fig. 8). 


* A list of the tables and figures is given on p. 305. 
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Figs. 5 and 6 give a clear idea of the manner in which the 
diameter of the slip-stream changes as the distance from the 
airscrew increases, the effect is, of course, most marked at 20ft./sec. 
and n = 2,860 revs. per min. ; the observations made at # = 3 ins. 
and x = 8 ins. show the diameter to be about 0-75 of that of the 
airscrew at these points, though it is probably somewhat less for 
values of 2 between these two. ‘The limits of the slip-stream are 
very sharply defined at x = 3 and x = 8, for while the flow is 
practically undisturbed at y = 7 ins., the velocity along the axis 
is increased by nearly 30 {t./sec. at y = 6ins. (U = 20, n = 2,860 
revs./min.). At 2 = 64 ins. the limits become less definite, the 
diameter being now approximately equal to that of the airscrew ; 
at « = 128 ins. the increase of velocity is still appreciable 
for y = llins. The reduction of velocity due to the airscrew boss 
is clearly shown, particularly in Fig. 6, where at x = 3 ins. and 
y = 0 the velocity is reduced by 20 ft./sec. It may be noted 
that in Fig. 5 the observations up to x = 8 show that just outside 
the slip-stream the velocity is reduced below that of the undisturbed 
wind. 


Fig. 7 shows the spin of the air in the slip-stream ; a striking 
feature of this diagram is the almost complete absence of the 
w component on the intake side at a distance of 2 inches from the 
alrscrew. 


Consider again Figs. 10-14; the curves show that v decreases 
rapidly (compared with w) as increases ; w persists and decreases 
very slowly, and has quite an appreciable value at x = 128 ins. 
(Fig. 16); its maximum value there for the cases investigated is 
about 7-5 ft./sec. (U = 40 ft./sec.), the maximum value for that 
speed at z= 1 in. being of the order of 15 ft./sec. On the 
other hand, v hardly reaches 3-5 ft./sec. at = 8 ins., though at 
x = -+ 1 in. it has approximately the same maximum value as 
w. 


On the intake side v is larger than w, and is of the same order 
of magnitude as in the wake ; v decreases as the distance from 
the bossincreases. Itis to be concluded from these considerations, 
then, that there is no appreciable spin on the intake side, but that 
considerable spin is set up in the wind as it passes between the 
airscrew blades, and persists at a fairly great distance away. 


On examining the curves giving u, v and w plotted against y 
(Figs. 10-13), one of the first points that attract attention is the 
nature of the curves for uand w when U = 40ft./sec. and n=1,080 
revs./min.,1.e., U /nd = 1-67. win this case never exceeds 40ft./sec. 
(except to a slight extent when x = 8), but just reaches that limit 
outside the airscrew wake. Further, the sign of w is in this case 
for all positive values of a different from that at all the other 
values of U /ndconsidered. Moreover, the curves in Figs. 8and 9 of 
w/U plotted against U/nd show that w vanishes at U/nd = 1 approxi- 
mately (taking an estimate from the curves x = | in., 3 ins. and 
8 ins. for values of y not immediately behind the boss or on the 
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edge of the slip-stream), from which is deduced that the torque 
on the airscrew vanishes at U/nd = 1. Also, from the u/U curves, 
in the same figures, itis seen that u/U = 1 (or u = UV) in the neigh- 
bourhood of U /nd = 0:95, the deduction being that the airscrew 
thrust is zero at this value of U /nd. If now the curves giving the 
torque and thrust on the airscrew (Fig. 17) be continued to cut the 
horizontal axis, values of U/nd giving zero torque and thrust are 
obtained. ‘These are 1-05 and 0-95 respectively, which compare 
with 1-0 and 0-95 deduced from the slip-stream experiments. 
It would thus appear that within the limits of the accuracy of 
the experiments the same results for these quantities are 
obtained, by a consideration of either of these experiments 
in which the methods are so widely different. The mean 
experimental pitch is given by the value of U/nd, for which the 
thrust vanishes multiplied by the diameter of the airscrew and 
is equal to 1:6 ft. When U = 40 ft./sec. and » = 1,080 
revs./min., U/nd = 1-67, which is greater than 0-95, and 
consequently under these circumstances the airscrew is running 
as a windmill. 


If the angle between the airscrew axis and the undisturbed 
wind be W, the effect of varying ‘’ when x = 128 ins. can be 
seen from Figs. 15 and 16. In this set of experiments (VW = 0) 
observations were taken at equal positive and negative values of 
y, and the curves show that the velocity distribution is not 
symmetrical with regard to the axis y = 0, but rather with regard 
to y = — 1 or — 1:5. This means that the central line of the 
slip-stream is displaced by that amount at x = 128 ins. This is 
further confirmed by the w curve ; w should vanish on the central 
line but in the curves w vanishes near y = — 1 or — 1:5. The 
same “‘ side effect ’’ is evident at x = 64 ins., but in this case (as 
in all others except x = 128 ins.) the curves have all been plotted 
on the positive y side and a mean curve drawn. There is an 
apparent deviation from symmetry for small values of y, even at 
x = 1 in., 3 ins. and 8 ins., v and w do not vanish at y = 0, but 
this may be due to interference and disturbance caused by the 
boss. 


A difficulty in drawing the curves at ‘Y = 10° VY and = 20° 
was the paucity of observations ; this was especially the case at 
VY = 20° and n = 2,860 revs./mins. It was only possible to obtain 
readings to define one side of the slip-stream on account of the 
fact that the yaw meter was mounted in the centre of the channel, 
and the airscrew support came into contact with the side of the 
channel for a value of y = 18-5ins. In drawing the curves, then, 
those for Y= 0 have been used as a guide as far as the introduction 
of maxima and minima is concerned ; the wu curves in Fig. 15 show 
that the boss has an effect when V = 0, and it was thought likely 
that the same effect would be present at VY = 10° and 20°, par- 
ticularly as in some cases (Fig. 15, VY = 20°, U = 40 ft./sec., 
n = 1,080 and 2,150 revs./min.) a curve drawn through the 
observed values definitely shows that a minimum exists. 
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Further, as w should change sign on the centre line of the 
slip-stream, values of y at which w vanishes in the curves of Fig. 16 
have been taken as indicating the positions of the minima in the 
u curves. The variation of the form of the curves with changing 
U /nd is worthy of note. The two curves at which U /nd = 0-84 
(viz., those for which U = 20 ft./sec., n = 1,080 revs./min., and 
U= 40ft./sec., n = 2,150 revs./min.) are similar to one another 
in the sets of curves for each of the three components, the 
ordinates of those in which U = 40 ft./sec. being, of course, twice 
the ordinates of those in which U = 20 ft./sec. An examination 
of the curves for wu in Fig. 15 shows the minima displaced 
continuously for a variation in U /ndfrom (in the case of ‘Y = 20°) 
about y = 17 ins., when U/nd = 0-32 to y = — 1 in., when 
Bind == 167; 


In drawing the curves for the components on a y base, the 
natural tendency is to smooth out small irregularities which arise 
if the curves be drawn through the observations. Except, 
however, for a few values which appear to be mere errors of 
observation, the plotted points define curves the characteristics 
of which are faithfully reproduced at other rotational and trans- 
lational speeds. A good example of this is shown in the curves 
for w in Fig. 11, the “ kink ” which appears between y = 5 ins. 
and y = 7 ins. being present in every one of the nine curves. 
The effect is also just perceptible in some of the curves for v. 
It is difficult to believe that the effect is due to the observations 
at y = 5 ins. and 7 ins. and y = 6 ins. having been made on 
opposite sides of the axis of the slip-stream, since the displacement 
required to bring the observations on a smooth curve for values 
of y from 5 to 7 ins. would cause appreciable discrepancies in the 
regions of y = 1 in., 2ins. and 3 ins. Moreover, the value of 
y can be determined to one or two hundredths of an inch, 
and the slip-stream can hardly have been deflected appreciably 
when z = I, 


Experiments were carried out at the Royal Aircraft Factory 
on the velocity of the slip-stream behind the airscrew of an aero- 
plane of the pusher type (R. & M. 382). It is there concluded : 


“(b) That the slip-stream has a very sharp edge. 


“‘(c) That the shape of the stream does not change 
appreciably with the thrust, or with the distance 
behind the screw _ within the range of the 
experiment. 


““(d) That the shape of the stream is a tube with a 
mean outside diameter approximately equal to 
0-8 times the airscrew diameter and an inside 
diameter of about 0-2 times the airscrew diameter.” 


Only measurements of the velocity along the axis of x were 
made, and the conditions under which these measurements were 
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taken differ from those of the present experiments in the presence 
of the aeroplane body in front of the airscrew. No strict com- 
parison of the results can therefore be made, nor are observations 
available in the two reports at the same distance behind the 
airscrew. The shortest distance in R. & M. 382 was 0:76 
airscrew diameter; the position in the present experiments 
nearest to this value was 0-50. If we consider the results 
obtained at this section we find that the “conclusion 6” is 
supported, for in Fig. 5 the value of w—U changes from 
the order of 30 ft. per second to practically zero in passing 
from, 7 == Ons, tO wins. 


“Conclusion c ”’ is probably true over the range of the experi- 
ments of R. & M. 382, though the present experiments show a 
marked change of diameter with x. In connection with “ con- 
clusion d”’ (still referring to Fig. 5) we find the diameter of the 
slip-stream to lie between 0:75 and 0-85 of that of the airscrew ; 
the limits of the low velocity region at the axis of the slip- 
stream are less well defined. than in R. & M. 382 presumably 
on account of the absence of the aeroplane body in the present 
experiments. 


Apa sr ew Ber 
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TABLE 1, 


DIMENSIONS OF AIRSCREW. 


MEAN VALUES. 


Radius Chord Maximum thickness 
(inches). (inches). (fraction of chord). Angle. 
8-00 | 0 — | — 
7:28 | 0-83 0-104 | OEIAY 
6-07 1-27 0-091 21°30" 
4-85 1-45 0-097 26° 30’ 
3-64 1-30 0-129 33°53" 
2-41 1-01 0-227 442 522 
1-21 0-80 0-436 62° 0’ 
TABLE 2. 
ee SAT See Ay. 
U | n Vv ot wu | v | w 
ft./sec. | R.P.M. ft. /sec. | degrees. | degrees. | ft. /sec. | ft./sec. | ft. /sec. 
| | . 
Vira 
0 1080 5:8 0 — 2-0 5-8 0 — 0-2 
2150 11:5 0 Bg HO Ap.) nd We kc 0 — 0:2 
2860 15-7 —04| —05 15-7 Eel ar ask 
20 1080 18-9 0 4+0:5 18-9 0 + 0-2 
2150 23:5 2 le et Sale ss 0 + 0-3 
2860 26-5 +.0-1 | +:0-5 | 26:5 0 + 0-2 
40 1080 36:3 4-0-3 42 e2el 6863 +01) +0-8 
2150 | 38-0 So Oe eels ae use) 40-1) 07 
2860 | 40-6 S07 hal est -O edo +014 + O07 
vy = + 8% 
0 1080 56 2 AP -Ol aoe Sl Dts 55 One st 
2150 12-6 H19-04 | — O0-5a> 123 EOL Meer | 
2860 17-0 12:0 12 O-2ah 116-6 7 eee al 
90 | 1080} 19:8 || 40-7) OBE Os A erorg ein oa meres 
| 2150 24-6 —14/ +08] 24-6 —06) +03 
| 2860 27-8 32-84 8 0-7) B27ss8 —0-9| +03 
| | 
ds) C1 OBOM 187 +a E68 PO SEO SPS Sao er 0-8 
2150 | 40-0 +0-7| +12) 400 , +05) +0: 
2860 | 42:8 0 +0-8| 428 | 0 + 0-6 
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TABLE 7—continued. 
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TABLE 8—continued. | 
a= + 8”, ¥ = 0. 


U n Vv a u v w 
ft. /sec. | R.P.M. ft. /sec. degrees. | degrees. | ft. /sec. ft. /sec. ft. /sec. 
y sus 8” 
20 1080 20-7 —0O-1;- +10 | 20-7 | 0 + 0:4 
| 2150 19-4 + 1-2 +-0°6 19-4 + 0-4 + 0-2 
2860 19-0 +16 > +06 | 19-0 + 0:6) ate, 
40 1080 40-2 — 0-7 + 2-1 40-2 —0°5 +15 
2150 40-4 0 + 1+4 40-4 0 + 1-0 
2860 39-4 | + 0-4 + 1-3 39:4 + 0:3 + 0-9 
TABLE 9. 
x= +64", ¥ =0. 
| | | 
U | n Vie a | U v w 
ft. /sec. | R.P.M. | ft. /sec. degrees. | degrees. ft. /sec. ft. /sec. ft. /sec. 
faa A 
0 1080 11-0 — 3-0 + 3-0 10-9 — 0°6 + 0°6 
2150 22:1 — 35 + 2-2 22-0 —13 + 0-8 
2860 29°] — 3°5 + 1-9 29-0 —1°8 + 1-0 
20 1080 19-5 — 0°8 — 3-9 19-5 — 0-3 — 1-3: 
2150 26-0 — 2-2 =o 22, 25°9 — 1-0 —10 
2860 34°8 — 4-0 — 72 34-2 — 2-4 —_ 4-3 
40 1080 29°9 — 2-0 + 8-0 29-5 — 1-0 + 4-2 
2150 40-2 — 0-6 — 9-2 39°5 — 0-4 — 6-4. 
2860 43-4 — 1-9 — 7°1 42°8 — 1-4 — 53 
y nee ae 7 
ae | 
0 1080 12-0 Bey hice eae be awe) hoy; — 0-4 me a7 
2150 25°1 E34 — 42-6) 24-5 — 0:6 — 55 
2860 34-1 — 15} —12-2 | 33:3 — 0-9 — 7-2 
20 1080 | 21-2 ee A a —0-4/ —1-5 
2150 37 —13:7 | 36-4 — 1-0 — 8-9 
2860 44-7 —25 1: 44-6 — 2-1 —1-9 
40 1080 31-2 7-45) 30-7 — ON bt 4) 
2150 42-5 — 4-6 42-3 — 0-7 — 3-4 
2860 53-6 —115 |) 52-5 —12) —10-7 
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TABLE 9—continued. 
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ft. /sec. | R.P.M. ft. /sec. degrees. | degrees. ft. /sec. ft. /sec. ft. /sec. 
Pi 
0 1080 11:5 0°83.) .=.8-0 b 11-4 40:27) °} — 1-6 
2150. | 22-3 251k | 6-5, 1} (22-6 +ikeOo) | — 2-5 
2860 29-4 a ol ee ty ae AS feicdnie p- 2-2-0 
20 | 1080 | 21-0 %,0-5.\: + =,3-0,* (21-0 —O-2s) | Ish 
| 2150 35-0 Oty (nae te 04 taQe lee) 4s 
| 2860 38-3 4-0-2: —s10-0.| '37-7 Qala | — 6:7. 
MO 1080. 12 3a-G28t 2 elt 36-5 2) -— 1-34 40-7 
| 2150 42-4 a Orbe 6-2-6). 42-3 =04.5 '—19 
' 2860 51-2 eecehie 6 5-0. b.o150 — 0-1) — 4-55 
| 
gas os 
0 1080 - 7:0 0 — 8-0. 6:9 0 —1-0 
2150 15-2 3-5) — 13-5 | 14-8 + 0-94 a 3:5 
2860 19-5 +30| ~17-:2 | 18-6 sei} |. .— 5:3. 
20 1080-| 19-9 =(}-7.1. 28-0.) 1196 AE to 2-8 
2150 21°5 aol 5 eo) p21 -5 +06/ —08 
2860 24-6 + 0-2 —12-3) 24-0 Sg Ey Hg ries BF 
40 1080 38-4 — 05 © 40:8 | 38-4 —Q06| +05 
2150 | 38-9 —0-4 |) +02) 38-9 —0:3) +01 
2860 35:8 +03 | +0-5 |} 35-8 O20 8-b 5-3 
y ee bes Os 
0 1080 11°5 5 | Pe 85 118 —+6:5¢ |. + D7 
2150 23-8 = OS) 1 Oy) 234 (693) 1-3-7 
2860 32-3 = [ete | 21-1307" |) 31 4 Sai pege 7-7 
20 1080 18-0 — 0-5 0 18-0 =a fae 0 
2150 26-8 —15] +56] 266 =O-7 || + 2-6 
2860 35-5 —14] +12-4| 34-6 —0-8} +76 
49 | 1080 28-7 222-4 —6-0 | 28:4 —iifi:2 ~ 3-0 
2150 36-8 +03] +0-8]| 36-8 EGO | 1.05 
2860 44-2 20-5) 7344) 43:7 =tGe 4-5-7 
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TABLE 10—continued. 
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TABLE 10—continued. 


geen ts LZR Le: |), 


——F 


| 
U n Vv a u v w 
ft. /see. | R.P.M. ft. /sec. | degrees. | degrees. ft. /sec. ft. /sec. ft. /sec. 
= — 10”. 
0 1080 0-3 — — = — — 
eZiSO 12:5 — 2:55 + 3-0 12°5 — 0:5 + 0:7 
2860 jie ea | — 3-0 + 3-0 ror — 1:0 + 1-0 
20 1080 20-0 0 +0:3 | 20-0 0 + 0-1 
2150 29:2 — 0:5 +3°6 | 25:2 — 0-2 +16 
2860 27:7 0 + 4-6 27°71 0 + 2-2 
40 1080 39-3 + 0:1 0 39:3 + 0-1 0 
2150 39-7 — 0-1 + 0-6 39-7 — 0:1 + 0:4 
2860 41:8 — 0:3 + 2-3 |- 41-8 — 0-2 + 1-7 
Viele, 
0 1080 0-3 — 0:5 | — 0-3 — = 
2150 11-7 — 3-0 + 4-4 11-7- — 0-6 + 0-9 
2860 17-6 — 4-0 + 3°5 17-6 — 1-2 + 1:1 
20 1080 20-2 — 0-4 + 0-2 20-2 — 0-2 + 0-1 
2150 23°8 — 0-4 + 3-0 23-8 — 0-2 + 1-2 
2860 25°8 — 0-7 +48 | 25:7 — 0-3 + 2-2 
40 1080 39°5 — 0-1 0 39°5 — 0-1 0 
2150 39:7 — 0-2 + 0:4 39-7 — 0:1 +- 0-3 
2860 40-6 — 0-5 + 1-4 40-6 — 0-4 +1:0 
TABLE 11. 
AIRSCREW YAWED. 
Paar O AAS ti Ba Ee Sp A ak 
U n V. a u | v w 
ft. jsec. | R.P.M. ft. /sec. | degrees. | degrees. | ft. /sec. | ft. /sec. ft. /sec. 
igiea |! 
20 1080 | 19-4 + 1-6 + 0-3 19-4 + 0-5 + 0-1 
2150 | 28-9 + 2:3 + 3:9 | 28:7 + 1-2 + 2-0 
2860 29°8 + 2:8 + 4:1 29°5 +14 + 2:1 
40 1080 31-9 —1-4 +39 | 31:8 — 0:8 + 2-2 
2150 40-8 + 2:1 + 3:9 40-6 + 1:5 + 2-8 
2860 | 49-6 + 3-6 +68 | 49-2 + 3-1 + 5:9 
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U n Vv o u v, w 
ft. /sec. | R.P.M ft. /sec. | degrees. | degrees. | ft. /sec. ft. /sec. ft. /sec. 
y= 55%, 
20 ' 1080 21:8 + 0:5 — 5-2 21:8 + 0-2 — 2-0 
2150 30°3 + 3-0 + 1:3 30°3 + 1-6 + 0-7 
| 2860 38-1 + 3:5 +3:3 | 38-0 + 2-3 + 2-2 
40 | 1080 | 37-2 —11) 41:9) 37-2 —0-7 | +12 
2150 43-1 + 0-9 — 4-7 43-0 + 0:7 — 35 
2860 50:0 + 2-7 —7:7 49-6 + 2:3 — 6-7 
y PFS 127 
20 | 1080 20-0 + 0:3 — 0-1 20-0 + 0-1 0 
| 2150 30-2 + 2:9 — 5:2 30-0 + 1-5 — 2-7 
2860 35-7 + 2:6 — 5-1 35:5 +16 — 3-2 
40 1080 39-7 — 06 + 0-2 39-7 — 0-4 + 0:1 
| 2150 39-7 + 0:6 + 0-1 39-7 + 0:4 + 0-1 
| 2860 44-7 + 1-6 — 2:2 44-6 + 1-2 — 1-7 
y= 1 OD, 
20 1080 19-8 — 0:5 — 0:3 19-8 — 0:2 — 0:1 
OTS0. | ele a et 0-0 aeaiG +08  —08 
| 2860 27°3 + 3°55 — 4-2 27°1 +16 — 2-0 
40 1080 39°5 — 0-4 + 0:1 39°5 — 0:3 + 0-1 
2150 39°5 0 — 0:1 39°5 0 — 0-1 
2860 39-2 + 0-4 — 0-1 39-2 + 0:3 — 0:1 
af 
’ A= 22-57% 
20 1080 19:7 0 — 0-1 197 0 0 
2150 18:9 + 0:4 0. 18-9 + 0-1 0 
2860 20°5 + 2:0 —1:7 | 20:5 + 0-7 — 0°6 
40 1080 39-1 — 0:4 — 0-2 39-1 — 0:3 — 0-1 
2150 39-1 — 0-1 — 0:2 39-1 — 0:1 — 01 
2860 39:0 + 0-1 —0:3 ) 39-0 + 0:1 — 0-2 


WAVE STIGATION OF THE \ 
Rees ese eo \ Wind advection 
PAS OE AT OF ATA. \ |vewevsed Sov 
\ e2xo\ bcaon of: 
ZNRS CYRE_W . vwolekke svde. 


Commu\atoxr —— 


Wrreelion of 
; we, 


\\ 


: | Wie Vays _ 
/ 
‘ A Nee\xo motor : 


i / 


FRerPortT MM" 37). 


a rrr rr 
SS Se eae Ee 


Ari Av, RsScREW. 


A = OM = V cos cosa 
v= OR = Veos/ sin 
sk i eee es AUN ick 


REeperT W371. 
| —hist — 


INVESTIGATION or tHe SLIP - DST RE AM or an AIRSCREW 


~ Charl for Reducirg Yawmeler_ Ou servations — 


| 
) 
: 
| 


J 
ll 


BT ES 

A 
) 
i 
= 


aren 


p 
/ 


f 


vig 


sb 
| 

: 

2 
y 


—F ie. 5— f 


<br 6 


fRerorrTr TT 


Sourut 


HE LIBRARY 
OF THE 
URIVERSITY OF H Liman 


- Ve A -W 4e Alero Ss 


i 


23 


Rerortr M 


of 


—(sanou 


ahd teed 


Aare PH etn 


Q 


Report 


(sa 4rus) 


ao 


 33/ooe parde— 


—— OSs 


AM c 


fe 
te 


| REPORT races 


re w} 


Re 


pai 


—- Variation of uv, and w 


\OM_ oF re Sle 


a TAG A 


- ~@ weckres — 


SS 


Ye numbe 


xa 


ve 


CS a 


\Wadicate valves of 


0 


INVESTIGATION of THE SuiIP- 


SIRE AM 


SRR nn RE eR RR LE NE RR RR 


AIRSCREW. 


QF --AT 


ee 3 


td 


Vanclion of mu ew uw wih 


beys 


‘ne 


e@ CVUcves 


awsY Vh 


Woke. 


az 


2= 43\nches. 


values of 


J 


wndicate 


& 


“ FREPORT TH 


REAM OF AM AYWRSCREW. 


WWELSTISCATION oF THE Sue=+|S7 


— Channel Soced Ao 


SvxD tN 


“BV OOASLT) | 
= aa 


——s 


VAGANGE 


1S 


eee 
baiecal 


& Stee : 


ashes 


¢) 


em 
(2: 


+ on \OSBCSTRSS ‘Ss BZQION uf" = xX : Xn ROSQSAO cy: : aa ny \GSBOSBROD 


aI LISS TRO RENEE ATLA SENS COELIAC BERS A APC A RAE: AE ON 


7 a 
q ee 1 
af~] Boat: 
. a 
ais es oe Spat 
are Bien 2 sis = 


” AS 


OVS, 


“923 7h 


Sue -STREAM oF an AVRSCREW 


a : F ES 
Oo ’ ai i ae i : : ia j : 
é 5 é jae Keg. (-—— | | re 
ea oS ae 


aoa 


<<a 


; = 
STIGATION of THe 


a EN ee oe 


TER GOSTOSTIS, | 


"REPORT MeSyl. 
WAVEL SVAGATI 


Chanel = eed 40S\/see—X— Chiavvel speed 20 S/sec.— —— valve, 


Gomponen ye 


wae Svocwes. 


emeove nt Me 


! 
a 
6 
2 
: 
0 
i) 
4 
< 
; 
0) 
¥ 
wr 

oH 
¢ 
- 
% 
6 
a 


Rpoveuy & 


Gom 


ew. * 
@ 
ts 
Sd 
Te) 


ee Petree Peo cer 
aa | es a 
je Ca eessees=—) BMRA 
aac Pooh AoA 
a | i Cet CORSE oo 
oF S\ 5 Si 
oer See EE ise Beem PTs 
2) az) Pose Pe AE 
Saneesenh\ deucessannian 
Wa ig v. 
Fi ea eh PES Od 


O1- Ores 
See earls edie (abel Gh esetosk. ale 
apne: i = 4 : 0 


mi pesucenc > Soyo S ee TK ypaauoduyes | 


—_——-—— 


— 
—- 


——— 


Fig. ia. 


REPORT | 


-STREAM. 


INVESTIGATION. oF THE Sure 


oF AM AiRscREW. 


ed 20 fe. —O—Channel spad ao  Hs.,, ~~~ —SYatre. | 


Chonne\ 


Ber eas: 


eae 
facia 


Ge Sie aS SAS eo Eee 


& © 


(SUL) MSiIDSNO 4O Sisco wmeiy Ssvu0jsicr 


‘Paefg) hyroopyn, 


S\ 
= 


Se 


\WAVELS TAGATION o 


= 


-Rerorr M 


Se ree SUP -STREAMN of am AWRSCREW 


SS 


wa-Vo Os DS 


Eva.ss. 


—9—- AO SY 


/5¢e¢,—*— 20S\/see——*— SNotic, 


A ED 


— CSBQDON) SSODQ MArxDSNNO KO SAqdOd DOA SosavjGrey =k 
Meee Vow? Prov tea. 


O 


= {OSESd 


CSS 


“Fan 


3 ENED ates 


ey: 


aC, S7\ 


mRrerorn Vit 371) | | 
; Fic. iG. 
LAVESTIGATION oF THE SuIPe- STREAM 


| OF Ar A\IRSCREW. | 
—*— Channel speca ZO ¥/s,, —e—Charne\ speed AO f/s.., msnickt = Static. 


Awscrew axis 


" 
+ 
ac 
Vl 
yi 
0 
mm 
3 
& 
¥ 
6) 
g 
S 
St 
0 
Vv 
> 
> => 
£ 
v 
ma) 
E 
0 
> 
OF 
Vi 
u 
£ 
* Xe! 
1 yo 
a 
"0 


Pee ee ee ee ee 


ie i 


ESS OEM VETS 


FRerPorRT W.371. | 


| 


BRL 3S WIOVLYOILS BAN) 


— PRBBISANY “SY 3o UIVRBALG - AING 


ee a ee 2 ——_—_— - ---  —————— 


ik LIBRARY 
oS IER 2 
RIVERSITY OF UAinuES 


$25 


TABLE 11—continued., 
KE 1289 Ps 10°. 


U | n Vv o u v w 
ft. /sec. | R.P.M ft. /sec. | degrees. | degrees. | ft. /3ec. ft. /sec. ft. /sec. 
J eecomne 
20 | 1080 20-2 +10 + 1-0 20-2 + 0-4 + 0-4 
ts ak aU 21-0 + 2:3 + 1-4 21-0 +08 +05 
2860 21-2 + 2-2 + 2:0 2132 + 0:8 + 0-7 
40 | 1080 34:3 — 0:9 — 455 34-2 — 0:5 — 2-7 
2150 39-5 + 1-0 + 1-7 39°5 + 0-7 + 1+2 
2860 42-1 + 1-0 +18 42-1 + 0-7 +1:3 
VS) 12 
20 1080 19°8 — 0:5 — 0:3 19-8 — 0-2 — 0-1 
2150 19-4 + 0-7 — 0:2 19:4 + 0:2 0 
2860 19-4 + 0-9 0 19-4 + 0:3 0 
49 1080 39:3 — 0-2 — 0:2 39-3 — 0:1 — 0:1 
2150 39°] 0 + 0:3 39:1 0 + 0-2 
2860 39-2 0 — 0:2 39-2 0 — 0-1 
TABLE 12. 
COL ap ne ees ey be 
U n VA of u v w 
ft. /sec. | R.P.M. ft. /sec. degrees. | degrees. ft. /sec. ft. /sec. ft. /sec. 
eral 
20 1080 21-4 + 2:3 + 2-4 21-4 + 0:9 | + 0:9 
2150 21-0 to SO sie at) te 20:9 Sea ee Saea iy) 
2860 20-0 + 3:7 + 0-4 19:9 +13 + 0:1 
40 1080 | 33-7 Soh mss O96 33-7 SEV eo GN iy 
2150 | 43-2 +2:9:| 43:0.) 43-0 TEC, eo 
2860 | 43-8 Sess eet 1h 43-6 Ce aed 
y — + 6” 
20 1080 20°1 + 2:6 — 4-0 20-0 + 0:9 —1-4 
2150 28°3 + 4-7 + 3-0 28-0 + 2:3 + 1-5 
2860 24:7 + 6-2 + 3-0 24-4 + 2:7 + 1:3 
40 1080 38-4 — 1:5 + 0-2 38-4 — 1-0 + 0-1 
2150 40:5 + 3:4 — 4-] 40-1 + 2:4 — 2-9 
2860 49-0 + 5-1 + 3:2 48-4 + 4:3 + 2:+7 
| 
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TABLE 12—continued. 
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EXPLORATION OF THE AIRSPEED IN THE 
AIRSCREW SLIPSTREAM OF A TRACTOR MACHINE. 


Presented by the SupERINTENDENT, Royal Aircraft Factory. 


Reports and Memoranda, No. 438. November, 1917. 


SuMMARY.—The airspeed in the slipstream of a B.E.2c was measured 
over a vertical plane just in front of the tail, and from the results obtained 
it was possible to construct maps of the slipstream over this plane at 
different airspeeds and different advances per revolution of the airscrew. 


The results so obtained were found to be in very close agreement with 
the theoretical slipstream deduced from considerations of momentum 
using Whirling Arm tests on the airscrew. 


The results were used also to estimate the difference in tail-efficiency 
‘between a tractor and a pusher machine, due to body interference, and 
it was so estimated that a tractor should have a tail efficiency about 
0-8 times that of a pusher; this figure agrees very well with the results 
of stability experiments. 


1. nese experiments were carried out with a B.E.2c machine, 
fitted with a R.A.F.1b engine and a 1.7850 airscrew. The 
airspeed of the slipstream was measured over a vertical plane 
situated 33 inches in front of the leading edge of the tail plane. 
Pitot heads were erected at 63 different positions in this plane, 
being fixed to a horizontal boom, supported as illustrated in 
Fig. 1, which was fixed at different levels in different flights. 
In each flight, 8 pitot heads were used, their pressure and 
static sides being connected to a photographic recording instru- 
ment in the passenger’s seat. This instrument was the same as 
that used for pressure plotting, and described in Report No. 
R.& M. 374. The pitot head on the wing strut was also connected to 
this instrument, and by this means the scale of the instrument 
in inches of alcohol to indicated airspeed in miles per hour was 
obtained—readings being taken of an airspeed indicator, also 
connected to the pitot head on the wing strut, at the moment of 
taking each photograph. 

2. The experiments were made at four different air-speedgs, 
namely, at 50, 60, 70 and 80 miles per hour, and at each air- 
speed photographs were taken at several different advances per 
revolution, ranging from the case of engine all out to that of gliding 
with the switch off. At the moment of taking each photograph, 
readings were taken of the indicated air-speed, the engine 

B3828n E 
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revolutions, the height, and the temperature. From these the 
density, and thence the true airspeed, the advance per 
revolution of the airscrew, corresponding to each photograph, 
were deduced. In practice, 9 photographs were taken at each _ 
speed—3 with the engine all out, 3 with the engine throttled 
down, and 3 gliding. In all, 322 photographs were taken in this 
manner. 


3. The height of the alcohol in the tubes was measured on 
the photographs, and the indicated airspeed in miles per hour 
at the various pitot heads deduced. If V, be the indicated air- 
speed of the aeroplane (with the necessary corrections for 
calibration, etc.), let (V, + v,) be the airspeed in the slipstream 
at any particular point in it. Let the quantity (V, + v,)?/V,? 
be written r/r,. For each pitot head in the slipstream the 
value of this quantity 7/r, was plotted against the advance per 
revolution of the airscrew. 


4. The mean value all over the slipstream immediately behind 
the airscrew (that is to say before the body and wings -have 
begun to interfere) of v,(V, + ¥,)/V.? should, from considera- 
tions of momentum, be proportional to the thrust of the air- 
screw /V,", and should therefore be a function of V/N — the 
advance per revolution only. 


Now - — ite Yo) or (a function of = = ie 

It follows that the mean value of 7 /r, all over the slipstream 
immediately behind the airscrew should also be a function of 
_V/N. It was found, on plotting r /r, against V /N for the different. 
pitot heads in the slipstream, that at some points the value of 
r/r, at that particular point was also a function of V/N only, 
but that at other points it was a function both of V/N and of 
V,. In Figs. 3a and 3b two curves are shown illustrating this. 
In Fig. 3a all the points for all airspeeds lie upon the same 
curve, but in Fig. 3b it will be seen that they give different 
_but similar curves for different airspeeds. The reason of this 
will be shown later. 

5. The positions of the pitot heads at which the airspeed 
was measured are shown in Fig. 2. From the curves of r/r,, 
against V/N for these different pitot heads it was possible to 
plot r/r, along different horizontal lines across the slipstrea 
at a given airspeed and advance per revolution. r/r, was so 
plotted along five such horizontal lines, in each case for the follow- 
ing airspeeds and V/N, namely :— 


6-4 
50 m.p.h.<~ 7:4 > Adv /Rev. 
18-0 
6) 


7: 
60 m.p-h. 1 ts} Adv /Rev.. 


329 


8.9 2) 
70 m.p.h. { me oa /Rev. 


80 m.p.h. ft As /Rev. 


An, example of the curves so obtained is given in Fig. 4. 


6. From the aggregate of these curves it was now possible, 
at a given airspeed and V/N, to draw illustrations in contour 
of the whole section of the slipstream through the plane in 
which the pitot heads were fixed. These contours were drawn 
for :— 

50 m.p.h. Adv/Rev 6-4 
60 m.p.h. Adv /Rev. 7-6 
70 m.p.h. Adv /Rev. 8-2 
80 m.p.h. Adv/Rev. 9:0 


the Adv /Rev. representing roughly the case of engine all out 
for the various airspeeds. These contours are shown in Figs. 5 
6, 7 and 8. 


7. If these contours be examined, certain characteristics 
stand out prominently. In the first place the slipstream attains 
its maximum intensity at two separate points, in the top-right 
and bottom-left corners. These points. of maximum intensity 
vary in position at different airspeeds, and in general the slower 
the airspeed the further they have moved round in a counter 
clockwise direction, 7.e., in the direction of rotation of the air- 
screw. It would appear that the slipstream, immediately after 
leaving the airscrew, is separated by the wings and body into two 
distinct streams, passing between the wings on either side of 
the body* ; the stream on the left flowing slightly downwards, 
and that on the right slightly upwards, in consequence of the 
rotation of the airscrew. This effect of rotation appears to be 
greatest at a slow airspeed—this is what would be expected. — 
Also, the centre of the slipstream, that is to say, the region in 
the middle where the velocity is least, is lower the greater 
the airspeed. This also is as would be expected, since the angle 
of incidence is least at high speeds, and this is partially, but 
only partially, compensated for by the change in downwash. 


8. It is effects such as these, which are functions only of the 
airspeed and not of the advance per revolution, which are 
responsible for the sort of difference that is illustrated in Figs. 3a 
and 3b. Such effects are principally of two kinds—(a) change 
of incidence. This has the effect of shifting the slipstream, 
at a given advance /rev. but at varying airspeed, bodily up and 
down. It is clear that this would make very little difference at 


* It is ‘probable that there also exists a third stream, passing under- 
neath the lower wing, but no trace of this was observed since it was 
impossible to rig up pitot heads very far below the body. 
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points in whose neighbourhood the contours are flat, but would 
have a marked effect elsewhere; (6) a difference, due to air- 
speed, in the amount of body and wing drag. This would have 
a marked effect except at points to which the slipstieam has 
come without any interference from wings or body. The only 
points which satisfy the conditions for independence of V, required 
both in (a) and (6), are points in the two regions of maximum 
intensity in the top-right and bottom-left corners of the contours, 
for at these points the contours are flat, and the slipstream, 
being at its maximum, can have been subject to very little 
interference from wings and body. In Fig. 2 the pitot heads 
where r /r, was found to be independent of V, are specially marked, 
and it will be seen that they all lie within these two regions. 


9. Finally, it should be noted that the region of high velocity 
in the bottom left-hand corners of the contours is invariably 
divided into two by a line situated approximately at the level 
of the tail plane. This is reasonable, since it is probable that the 
tail plane has some retarding effect even 33 inches in front of it. 

10. It is natural to assume that, when it leaves the airscrew, 
the: slipstream is more or less symmetrical in shape—a solid 
cylinder with a hole in the middle—and that the intensity all 
over this cylinder is much the same as the maximum intensity 
shown in the contours. By the time that it reaches the tail, 
however, this slipstream will have been considerably slowed 
down by the drag of the body and wings, and only that part of 
it which has come undisturbed through the space between the 
wings at some distance from the body will retain its original full 
intensity. If the mean theoretical values of r/r, over the slip- 
stream as it leaves the airscrew be calculated from considera- 
tions of thrust, it is found that they agree very well with the 
maximum values of r/r, shown in the contours. This mean 
r/r, 1s of course the quantity usually called ‘‘ R/R,,” being the 
factor necessary to allow for the increased resistance due to 
the slipstream of a body situated therein, and is calculated from 
the indicated airspeed V, of the machine, and the value of 
Thrust /(Diameter cf Airscrew)?. Calculations were made on 
the bases of the actual observations made, the thrust being 
deduced from the B.H.P. of the engine, when running all out 
at the revolutions and density observed, and from the airscrew 
efficiency curve given by experiménts on the Whirling Arm. 
A table of calculated R/R, against maximum r /r, shown in the 
contours is given below :— } 


[ | 
Observed | 
Speed. | Adv /Rev. | Vj. bee AL Revs. | R/R,. Max. r/r.. 


4 51-3 | 0-891 | 1,495! 2-43 | 2 
6 60-8 0-800 1,575 1-86 1: 
2 | 68-4-| .0-810-—;-1,680 ' 1-68 1.4 
0 81:6 | 0-885 1,700 1-50 1 


50 m.p.h. all out... 6 
60 m.p.h. all out... | ac 
70 m.p.h. all out... | 8 
80 m.p.h. all out... 9 


| 
SS SE SPS SA SR TL I TE TR OS ST SD POPPE ETI IIE DI SE OE TI SE eT 
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1J. hus, the agreement between the theoretical R/R, and 
the observed r /r, is very good. This agreement can be illustrated 


in another manner, as follows. From theoretical considerations 
of momentum we should have :— 


0,Av, (v, ae V.) =k 


where T is the thrust of the airscrew in lbs., v, and V, are 
indicated airspeeds in ft /sec., p, is the standard density in slugs 
per cubic foot = 0-00237, and A is the area in sq. ft. of the slip- 
stream as it leaves the airscrew. Assume, as before, that the 
slipstream when it leaves the airscrew is a hollow cylinder, and 
take the dimensions of this cylinder as 0-8 D outside diameter 
ard 0-2D inside diameter (where D =airscrew diameter). 
These are taken from slipstream experiments with a pusher 
machine (see Report No. R.& M. 382). In the present experiments 
D was = 9 ft. 2 in., and we should therefore have, theoretically, 
(0-0941) v, (v, + V.) =T, or 
Vv, (v 


5 (10-62) = 22 a 
In Fig. 13 is shown the curve of (10-62) T/V,? against Adv /Rev. 
deduced from Whirling Arm tests on a T.7850 airscrew, and also 
the curve of v,(v, + V.)/V,? against Adv /Rev., deduced from 
the observations made in the present experiments, for a pitot 
head approximately at the point of maximum slipstream intensity. 
The fact that these two curves are in substantial agreement is 
evidence that the momentum theory, upon which R/R, is 
calculated, is correct, and is also evidence of the accuracy of the 
assumptions made above as to the nature and dimensions of the 
slipstream immediately after it has left the airscrew. 


12. The experiments are therefore a direct confirmation of the 
theoretical methods of calculating R/R, at present in use. They 
indicate, however, an error in the methods in use of employing 
this quantity R/R,. .Though the theoretical value of R/R, 
appears to be correct for the slipstream as it leaves the airscrew, 
the experiments show that by the time it reaches the tail this 
value is, in general, much too big; that it has been, so to speak, 
already considerably absorbed and used up in increasing the drag 
of the body and wings. This does not, of course, mean that 
it is Incorrect to multiply the body and wing drag by the full 
theoretical value of R/R,, for the small r /r, observed are precisely 
the results of this incréased body and wing drag, but the 
resistance of anything in the slipstream behind the body—for 
instance of the tail plane, fin, tail skid, etc.—should not be. 
multiplied by the full theoretical R/R, since, by the time it: 
reaches them, R/R, has been considerably lessened by the wings 
and body. In practice, however, except in one particular, the 
error here involved is too small to be noticeable. This one 
important effect is the lift of the tail plane. It is usual in 
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calculating the increased tail lift due to the slipstream to speak 
of its ‘‘effective area’’ being increased. Thus the lift of the 
tail is said to be proportional to A’V,, where V, is the indicated 
airspeed of the machine and A’ is the effective tail area. A’ is 
estimated as follows :—The slipstream is assumed to be a solid 
cylinder with its centre line along the axis of the airscrew, and 
with an outside diameter 0-8—and an inside diameter 0-2—of 
the airscrew diameter. The areas of tail plane respectively 
inside and outside this assumed slipstream are then measured, 
say A, sq. ft. in, and A, sq. ft. out. The effective area is then 
defined as (A, + A, R/R,). It is clear, however, that the true 


effective area of the tail plane should be [ b r/r, dy, 6 being the 


tail chord at a distance y along the tail span, and r/r, the value 
of (v, + V,)?/V,? on the level of the tail plane and at a distance 
y out along the span, the integration being made right along the 
tail span. This integration was effected graphically by means 
of a planimeter for a B.E.2e tail, the values of 7 /r, being inter- 
polated from the contours. The following table shows the 
effective area so integrated, and the effective area calculated by 
the standard method, at 50, 60, 70 and 80 m.p.h. engine all out :— 


| | | Effective | 
| buCaleulated.}\, os | 
Speed. _ Adv /Rev. | ree | Beatin paps: Hees Factor. 
| : |  observa- 
| | tions. 
| | 
50 m.p.h. all 6-4 2-43 82-7 | 66:6 0-805 
out. | 
60 m.p.h. all 7:6 | 1:86 | 68-2 56-0 0-821 
out. | 74 
70 m.p.h. all | 8-2 | 1-68 im 0} 63-7, *) °61:9 0-815 
out. is 
80 m.p.h. all 9-0 5, 48-5 0-821 


It is seen that the error involved in the standard method 
of calculation is almost exactly the same at all speeds—a cor- 
recting factor of about 0-815 being invariably necessary. 


13. In practice, however, this error is of academic interest ° 
only, since it has always been customary to multiply the tail 
lift by a factor E, called the “tail efficiency,” and errors 
involved in estimating effective area are absorbed into this 
factor EK. The factor E can be deduced, however, for any given - 
machine from stability and trimming speed experiments, and 
it has been so found that for pusher machines E is usually of 
the order 0-8, and for tractor machines of the order 0-65. The 
discrepancy between these two values should be accounted for 
by the interference of the wings and body with the slipstream 
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which exists in a tractor machine but not in a pusher ; in other 
words, this discrepancy should be identical with the error in 
estimating the effective tail area of a tractor described above. 
That error, as has been shown, necessitates a correcting factor of 
0-815, and it follows that the efficiency of a tractor tail should be 
about 0-815 that of a pusher tail, which agrees very well with 
the values deduced from stability experiments. The experiments 
described in this report therefore confirm the stability experiments 
with reference to tail efficiency. 
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EXPERIMENTS ON THE ROTATION OF A PROPELLER 
— SLIPSTREAM IN A PUSHER AEROPLANE. 


Presented by the SUPERINTENDENT, Royal Aircraft Factory. 


Reports and Memoranda (New Series), No. 408. November, 1917. 


SUMMARY.—(@) Introductory. (Reasons for inquiry.)—It was found 
that F.E. 9, a recently designed pusher aeroplane, had a considerable 
turning tendency with the engine on. 


(b) Range of the investigation.—Experiments were carried out to 
determine the angle of yaw and the position of the centre of the slip- 
stream in the neighbourhood of the fin and rudder. The exploration was 
made just in front of the fin position by means of a small double vane 
which would indicate the direction of flow of the air. To avoid inter- 
ference the fin was removed. 

The angle of yaw of the slipstream was measured over a distance. of 
2 feet above and below the centre of the tail plane. 


(c) Conclusions.—The centre of the slipstream was found to be con- 
siderably below the position estimated from previous data, due apparently 
to a rapid change of downwash between the propeller and the tail plane. 
The angle of yaw at any point of the slipstream was found to be roughly 
proportional to the inverse of the speed and to the inverse of the distance 
from the axis of the slipstream, reaching its maximum of 18° about 10” 
below the tail plane. 


(ad) Applications and further developments.—In view of the turning 
tendency of machines fitted with high powered engines, it is important 
that the flow of air behind a propeller should be more fully investigated. 
Where the fin and rudder are in the slipstream an aeroplane cannot be 
balanced so as to fly straight at all speeds without the use of the rudder. 
Perfect balance at all speeds can only be secured with the fin and rudder 
outside the slip stream, though a good approximate balance can be 
obtained with the fin and rudder in the centre of the slipstream. 


1. From the results of the exploration of the slipstream on 
an F.E. 2 machine, which were described in 'R. & M. 266, it 
was found that the slipstream could be regarded as a cylinder 
whose outer radius was 0-8 times and inner radius 0-2 times 
that of the propeller. Investigations now carried out on another 
type of pusher machine serve to determine the rotation of the 
slipstream and the position of its centre line. The instrument 
used was a small double vane (Fig. 1) fitted to the king post 
on the front spar of the tail plane, the fin being removed and 
a balanced rudder fitted, in order to avoid interference with the 
vane. The height of the vanes could be adjusted from the 
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observer's compartment, and in this way readings were obtained 
at different airspeeds over a range of about-2 feet above and 
below the tail plane. The results of these experiments are shown 
in Fig. 2. It should be noted that, owing to the size of the in- 
strument, it is impossible to obtain the angle of yaw of the 
slipstream near its centre line, but from the symmetrical form 
of the results it appears that the position of the centre line is 
determined satisfactorily. | 


2. The measurements were taken at a distance of 125” 
behind the propeller, and the zero point on the centre line of the 
tail plane was 5-2” above the propeller axis. From the depth 
(dq) of the axis of the slipstream below the propeller axis it is 
possible to deduce the mean angle of downwash between the 
propeller and the tail plane by means of the formula 


d 


Te ome a DLS ge 


where 0 is the angle of incidence, m is the mean angle of downwasb, 
and « is the angle between the propeller axis and the wing chord. 
The values of m are given in Table 1, and in the next column 
are the angles of downwash at the tail plane derived from full 
scale experiments with the same wing section on a tractor 
machine and corrected for the effect of the propeller. It appears 
that the mean angle of downwash m is uniformly 20 per cent. 
larger than the estimated angle at the tail plane. This is in 
reasonable agreement with model tests which show a similar 
flattening out of the downwash towards the tail plane (R. & M. 
156). The model tests give for this ratio the value 1-2 when the 
tail plane is on a level with the upper wing, while a maximum 
of 1-5 is reached a little below the mid-point. On the aeroplane 
used in these experiments the tail plane was just below the 
level of the upper wing. | 


3. The actual angles of yaw as observed are shown in Fig. 2 
and for distances of more than 15” from the centre line of the 
slipstream, the angle of yaw is approximately inversely pro- 
portional to the speed and to the radius. From the results of 
the earlier experiments, described in R.& M. 266, the slipstream 
would be expected to end at a distance of 35 inches from the 
centre line, since the diameter of the propeller was 87 inches. 
This figure was based on the exploration of the velocity and the 
results of the present series of experiments indicate either that 
the rotation extends over a larger cylinder than the increased 
velocity or that the cross section of the slipstream has increased 
in size, the exploration of the slipstream. velocity having been. 
made nearer to the propeller (0:76 and 1-09 diameters) than in 
the present case.. The true explanation is probably a com- 
bination of both of these. It is evident that eventually the 
slipstream will increase in diameter as the surrounding air slows 
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it up and mixes with it, but it was not thought that this would 
occur to such an extent as these experiments suggest at a distance 
of 1-46 diameters. 


4. Experiments are being undertaken to explore the velocity 
in this region as well as the direction. 


5. A photograph of the aeroplane (F.E. 9, No. 4818), in which | 
the experiments were made, is attached. 


TABLE 1. 
Indicated | Angle of _ Depth below Mean Angle Angle of 
Airspeed. Incidence. | Propeller OE Downwash at 
| Axis. Downwash. Tail Plane. 
m.p.h. | 6. d. m. e. 
° u” Qo ° 
59 | BAe: 11-8 11:6 9-8 
| 
60 8:0 13°2 8:0 6°6 
70 5:3 15°4 6°3 4°9 
80 wis | 1672 4°3 3°8 
TABLE 2. 
Distanmenen Angle of Yaw of Slipstream. - 
Axis of” : : 
epee 50 m.p.h. 60 m.p.h. | 70 m.p.h. 
° ° ° 
LAF: 18-2 18:3 18°3 
20” 14:0 13°3 12°8 
30” 10°5 9-2 8-0 
40” 8:8 7°4 6:0 


EXPLORATION OF THE SLIPSTREAM VELOCITY IN A 
PUSHER MACHINE. 


By D. H. PINseEent. 


Presented by the DIRECTOR-GENERAL OF AIRCRAFT PRODUCTION. 


Reports and Memoranda, No. 444. April, 1918. 


SUMMARY.—(a) Introductory. (Reasons for inguiry.)—Experiments 
had been carried out to determine the angle of yaw of the slipstream of 
an F.E.9 machine at points up and down a vertical line in the plane of 
the fin; these experiments are reported in R. and M. 408. It was then 
found that, as regards yaw, the slipstream effect extended to a surprising 
distance upwards. It was decided, therefore, to measure the velocity 
of the slipstream at the same points, in order to find whether the effect 
of the slipstream as regards increased velocity also extended to an equal 
distance upwards. 


(b) Range of experiment—The air speed was measured by means of 
eight pitot heads set up at intervals along the line in which the yaw had 
been measured, and yawed to the direction of the stream indicated in the 
previous experiment. The pressure and static sides of each head were 
connected to manometer tubes, and simultaneous readings were taken 
photographically of all the sixteen tubes, using the apparatus described 
in R.and M. 438. Sixteen of such records were taken at various air speeds 
and throttle positions. 


(c) Conclusions —The region of increased velocity behind the airscrew 
does not appear to extend upwards to the same extent as the region of 
yaw does. On the whole, the measurements of air speed described in this 
report confirm the conclusions arrived at in R. and M. 382 (airspeed 
exploration in the slipstream of an F.E.2b machine), namely, that as 
regards increased velocity, the slipstream may be taken roughly as a 
hollow cylinder with outside diameter 0°8, and inside diameter 0°2 times 
the airscrew diameter. 

The measurements of the downwash of the slipstream agree with R. ° 
and M. 408. 


1. The aeroplane used for these experiments was the same as 
that used for the experiments reported in R. and M. 408, and 
was fitted with the same fin and rudder as on that occasion, 
and with the same engine and airscrew (T.28105, No. 18964). 
Eight pitot heads were erected in a vertical line about 12 ins. 
in front of, and in the plane of, the fin, their positions being as 
follows :— 


No. 1 293 inches | 

No. 2 202 ,, . | Above the centre line 
No. 3 127) ;,.._|) of thestail plane. 
No. 4 ; ES: 
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No. 5 5 inches } 

No. 6 O25 ye, Below the centre line 
No. 7 Lae gp etd! of the tail plane. 
No. 8 ya hse 


Kach pitot head was fixed pointing in the direction of airflow 
given at its position by the experiments of R. and M. 408. The 
air speeds at all of these eight points were simultaneously 
measured photographically. Records were taken at 50, 60, 70 
and 75 m.p.h., with three different settings of the throttle at 
each, namely, fully open, three-quarters open, and half open. 
With each record observations were also made of the height, 
temperature, and engine revolutions. 


2. For each pitot head the value of 


Indicated air speed in the slipstream \? 
(indicated air speed of the machine 


was plotted against the advance per revolution of the airscrew. 
These values should be functions of advance per revolution only, 
except in so far as they are also affected by changes of incidence, 
downwash, &c., due to changes in indicated air speed. (The 
indicated air speed may differ at the same advance per revolu- 
tion, if the engine is throttled or if observations are made at 
different heights.) The results are shown in Fig. 1. For pitot 
heads Nos. 1, 2, 3, 4, 5 and 8 the points are reasonably good 
~ and give well-defined mean curves, functions of advance per revolu- 
tion only, but with Nos. 6 and 7 the points are more scattered, 
and there are different curves for different throttles. It appears 
that at Nos. 6 and 7 the slipstream is a function not only of 
advance per revolution, but also of indicated air speed—at Nos. 1, 
2, 3,4,5and 8it appears to bea function of advance per revolution 
only. From the mean curves drawn through these points (using 
the full throttle curves for Nos. 6 and 7) the distribution of velocity 
in the slipstream was plotted up and down the line along which 
the pitot heads were erected, separate curves being drawn for 
-various different advances per revolution. 


3. These curves are shown in Fig. 2, curves being drawn for 
advance per revolution, 3-8, 4:2, 4-6, and 5-0 ft. The exact air 
speed with full throttle to which these advances per revolution 
correspond depends upon the height. At 5,000 ft. (density 
874 per cent.) they would correspond as follows :— 


Advance per revolution. | Indicated air speed. 
| 
3°8 oo m.p.h. 
4-2 61 m.p.h. 
4°6 : 67 m.p.h. 
50 73 m.p.h. 
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4. The curves in Fig. 1 show the top half of the slipstream. 
It will be seen that— 


(1) The larger the advance per revolution ratio the more the 
curves become shifted downwards. This would be expected, 
since a large ratio means high speed, and this means small inci- 
dence. 


(2) The region of increased velocity does not extend upwards 
above about 32 ins. above the tail plane. 


(3) There is a “hole” in the middle of the slipstream, about 
10 ins. in diameter, with its centre about 15 ins. below the tail 
plane. 


(4) All the curves show a region of less velocity about 6 ins. 
above the tail plane. It is probable that this is due to shielding 
by the top wing. It will be noticed that this region is lower down 
the greater the advance per revolution ratio, which follows from 
the fact that the incidence is then smaller. 


(5) The centre line of the slipstream is from 10 to 12 ins. 
below the line of the propeller shaft. This must be due to down- 
wash. From the measurements of yaw (R. and M. 408) the centre 
line appeared to be about 14 ins. below the line of the propeller 
shaft. 


(6) The diameter of the airscrew was 7:25 ft. The measure- 
ments indicate that the region of the slipstream within which 
a large increase of velocity exists, has an outside radius of about 
40 ins. and an inside radius of about 5 ins.; this is an 
outside diameter about 0-9, and an inside diameter about 0-1, 
of the airscrew diameter. ‘his is in fair agreement with the 
measurements on an F.E.2.B. machine (R. and M. 382), in 
which the figures were 0-8 and 0-2 respectively. 


5. A photograph of the machine in which the experiments 
were made, showing the fin and rudder fitted, and the arrange- 
ment of pitot heads, is attached (Fig. 3). (N.B.—In the photo- 
graph given in R. and M. 408 the fin and rudder shown are not - 
those fitted.during the present experiments ; the fin and rudder 
shown in the photograph attached to this report were fitted 
during both series of experiments.) 
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AN INVESTIGATION OF THE MUTUAL INTERFERENCE 
OF AN AIRSCREW AND BODY OF THE “ TRACTOR ” 
TYPE OF AEROPLANE. 


By A. Faas, A.R.C.Sc., D.IC., and H. E. Coiurns. 


Reports and Memoranda (New Series), No. 344. August, 1917. 


SUMMARY.—The maximum efficiency of the airscrew is increased by 
4 per cent., from 75-5 per cent. to 78-5 per cent., by the presence of the 
body. The efficiency when climbing is increased by 1 or 2 per cent. 


The effect of the presence of the body is to slow up the air, so that 
to develop the same thrust and torque at any given rotational speed, the 
translational speed of the airscrew relative to the undisturbed air has 
to be increased by about 3 —5 per cent., the percentage increase being 


V 
smaller at the higher values of nD’ 


The drag of the model body as measured in a 4-ft. channel at a wind 
speed of 40 ft. per second was 0:1455-lbs. 


E 
With airscrew interference R/R, = 0-87 + 2-18 ( yap): where 


R a Si 
& is the ratio of the resistance of the body with interference, to its 
0 


resistance without interference. 

The efficiency of the combination of airscrew and body, as calculated 
from the data of the ‘‘interference ’’ experiments, is in close agreement 
with the efficiency as calculated from the ordinary experiments on the 
body in which no allowance is made for the effect of the slip stream, and 
from the airscrew when not affected by the presence of the body. 


The experiments described in this report on the mutual 
interference of the airscrew and body in an aeroplane of the 
tractor type constitute a repetition of earlier experiments 
(T. 585), on the interference between airscrew and body of 
B.E.2c. A recent communication from the Royal Aircraft 
Factory called attention to the low value found in the earlier 
experiments for the efficiency of the airscrew, and to other points 
of difficulty with regard to the values found for the thrust and 
torque of the screw when tested with the body. 


Description of the Models.—A sketch of the two-bladed air- 
screw for B.H.2c (R.A.F. drawing No.T. 4966) is given in 
Fig. 1. The diameter of the full-size airscrew is 9’ 6”, the angles 
of the blade varying from 17° 0’ at the tip to 39° 10’ at the boss. 
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The model airscrew was made in wood at the National Physical 
Laboratory and had a diameter of 1’ 6”. 


A sketch of the mode! body of B.E.2c which had no rudder, 
fin, and engine cowling is given in Fig. 2. The principal dimen- 
sions of the model are given in the drawing, the scale of the 
model being approximately one-sixth full size. 


Description of the Hxperiments.—The experiments were made 
in the 4-ft. wind channel, the thrust and torque of the airscrew 
being measured with the airscrew balance, which has been 
described in previous reports. In the present experiments the 
top of the balance was rotated through 180° so that the airscrew 
was about 10” behind the vertical shaft of the balance. By 
enclosing this vertical shaft in a cylindrical guard and the bottom 
of the balance in a streamline body, any air forces acting on the 
balance, other than those due directly to the airscrew, were — 
almost completely eliminated. It was fully realised that the 
balance and guards which were in the stream of air flowing into 
the airscrew would somewhat modify the performance of the 
airscrew, and accordingly the velocity distribution of the air 
in the plane of the airscrew—with the airscrew removed—was 
investigated. It was found that the velocity distribution was 
not constant through the disc that would be described by the 
airscrew during the experiments, but that the mean velocity 
of the air through the disc had the same value as the mean 
velocity of air in the channel. From a comparison between the 
airscrew experiments on the balance and the experiments on 
the whirling table, the effect of this obstruction in the inflowing 
stream of air on the performance of the airscrew was found to 
be small. For experiments with tractor bodies, this arrange- 
ment of the airscrew balance has the great advantage that the 
measurements of thrust or torque, with or without the inter- 
ference of the body, may be mace without disturbing the measur- 
ing apparatus. The order of experimenting was to obtain the 
thrust performance curve of the airscrew without any inter- 
ference from the body, then to mount the body in position 
behind the airscrew, and measure the thrust performance curve 
with the interference of the body, and finally to take the body 
away and repeat the thrust performance previously measured. 
It was thus possible to measure very accurately the interference 
effect of the body even if there were small inaccuracies in the 
measuring apparatus. A similar procedure was followed in the 
case of the torque. The performance curves got from the air- 
screw balance without any body interference were in close 
agreement with those from the whirling arm, corrections obtained 
from this comparison being made to all the airscrew performances 
as measured on the balance. The correction applied to the 
balance measurement of the thrust was of the magnitude of 2-5 
per cent., whilst the corrections were of the order of + 2 per 
cent. to — 2 per cent. in the case of the torque. 
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The results of the airscrew experiments are given in terms 
of absolute coefficients, and the calculation of the thrust and 
torque from these coefficients may be performed as follows :— 


The thrust ; Pee iT, pvp! 
and torque, Q = Q;’ on?D® 
where the thrust T, torque Q, diameter of the airscrew D, the 
rotational speed n, and p the mass density are all expressed in 
any system of consistent units, and T,’ and Q,’ are non-dimen- 
sional coefficients. : | 


The absolute thrust and torque coefficients ct the tables are 
to be taken for a standard atmosphere of temperature 15-6° C. 
and barometer 760 mm. 


Different absolute coefficients are introduced in the present 
AL: Ora Al Q 
report, on2D! and see instead of oV2D2 and 5V2DY because 


the effect of the body may be regarded as causing a slowing up 
of the air in the neighbourhood of the airscrew, so that employ- 
ing the new coefficients, the body interference is clearly shown 
by a shift of the thrust and torque curves parallel to the axis of 


( 5 and the interference effect may be expressed as a 


percentage of V. 


_ The measurements of the resistance of the body, with and 
without the airscrew running, were made with the balance of 
the 4-ft. channel, the airscrew shaft being mounted in a tube 
of 2” diameter, supported by wires from the channel. With 
this method of supporting the airscrew the obstruction in front 
of the airscrew was very small. 


Discussion of the Results of the Experiments.—The results of 
the experiments on the airscrew are given in Tables 1 and 2 
and shown graphically in Fig. 3. The maximum efficiency is 
increased by 4 per cent., that is, from 75-5 per cent. to 78-5 per 
cent., by the interference of the body, whilst when climbing the 
efficiency is increased by 1 or 2 per cent. At any given values 
of the translational and rotational speeds of the airscrew, both 
the thrust and the torque are increased by the presence of the 
body. Generally speaking, to develop the same thrust and 
torque at the same rotational speed, the translational speed of | 
the airscrew relatively to undisturbed air has to be increased 
about 3 to 5 per cent., the percentage increase being smaller at 


; V 
the ane value of eS: 
The resistance of the model body was measured at several 
wind speeds in the 4-ft. wind channel. The data of these experi- 
ments are given in Table 3, from which it is seen that the drag 
is proportional to the square of the wind speed. The drag at 


343 


a wind speed of 40 ft. /sec. was 0-1455 lbs. Owing to the block- 
ing up of the channel by the body the values of the drag are 
probably about 1 per cent. too great. The curve of Fig. 4, which 
has been plotted from the data of Table 4, gives the relationship 
between e ) and Dh (= ) being the ratio of the 
resistance coefficient of the body with interference from the 
airscrew, to the resistance coefficient of the body without inter- 
ference. From Fig. 5 it is seen that the relationship between 


R T 
Ga) and ( ear) may be expressed approximately by the 


linear law a = 0-87 + 2:18 5V2D* 


It is of some interest to compare the value of ey as 
measured experimentally with the value calculated from theo- 
retical considerations of momentum. Regarding the velocity 
of the slip stream as uniform and of magnitude s, this velocity 
is taken relatively to still air, and assuming the cross sectional 
area of the slip stream to be 0-60 of the area of the airscrew 
disc, this being the value given in Report T. 858, the thrust 


of the airscrew T = se 0 DV + s)s. 


Also, since the body is considered to be in this shp stream 


(z) = (+9) 


ep. R R 
218 am Lye ~ Wee 


The curve given by this equation has been plotted in Fig. 5, 
from which it is seen that for any value of the thrust, the 


so that 


theoretical calculation over-estimates the value of aa The 
velocity of the region of the slip stream in which the body is 
placed is probably lower than that of the calculation, and also 
the body is to some extent shielded by the boss of the airscrew. 


It has been shown in the present report that a tractor body 
increases the thrust and efficiency of an airscrew, but at the 
expense of an increase of the resistance of the body, so that 
a fair statement of the effect of mutual interference may be made 
only when both factors are taken into consideration. 


Accordingly, regarding the airscrew and the body as a com+ 
bination, the efficiency of this combination as calculated from 
the experiments involving mutual interference has been com- 
pared with that calculated from the non-interference experi- 
ments on the airscrew and body, in which the effect of the slip 

B38288 F 
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stream on the body and the effect of the body on the airscrew 
are both ignored. From Table 3 it is seen that the drag of the 
body may be expressed as 0-017 p D?V2, so that with interference 
the value of the thrust coefficient for the combination is 


J Ls ONE G 
jt. 00175 (55) | 
and the efficiency 


ewan) [avon ()-()] 


Q, 
1G 


The coefficients T,’ and Q,’ are taken from experiments with 
interference. : 


Similarly, for the combination without interference, the 
thrust coefficient of the combination is 


Vans 
E — 0-017 tan) | 


and the efficiency of the combination is 


Wy 2 
i (Gay, [as — 0-017 (=p) 
nD 


/ 


where the absolute coefficients of the airscrew T,’ and Q,’ are 
obtained from the experiments without interference. 


The results of these calculations have been collected in Table 5, 
and are shown graphically in Fig. 6. 


From the curves of Fig. 6, it is seen when a comparison is 
Al e 
made at the same value of anal that the efficiency as 
on? D 


calculated from the interference experiments is greater by about 
2 per cent. at the low values of the thrust coefficient and smaller 
by about 2 per cent. at the high values of the thrust coefficient, 
whilst the translational speed is also greater. 


From the present investigation it would appear that calcula- 
tions based on the data of ordinary non-interference experiments 
on an airscrew and tractor body, in which no allowance is made 
for the effect of the slip stream on the body, and for the inter- 
ference of the body on the airscrew, are of sufficient accuracy 
for nearly all practical purposes. 


(R.A.F. DRAWING No. T.4966). 


Diameter of model airscrew 1-5 feet. 


TABLE 1. 


AIRSCREW FOR B.E.2c MACHINE 


Scale of model airscrew 
V in feet: per second. 
nm in revolutions per second. 
D diameter in feet. 


I 


1 /6-3 full size. 


Without With Interference Without With Interference 
Interference. of B.E. 2cBody. Interference. of B.E. 2cBody. 
Thrust Thrust Torque Torque 
Vv Coefficient. Vv Coefficient. V Coefficient. Vv Coefficient. 
nD Te’ nb Ah nD Q.’ nD oe 
(=T/pntD*) (=T/pn*D*) (=Q/pn*DS) (=Q/pn*D*) 
0-469 0-1041 | 0-475) 0-1064 | 0-423 | 0:01262 0-416, 0-01280 
0-513 0:0975 | 0-485 | 0-1046 | 0-451 | 0-01245  0-442| 0-01268. 
0-523 0:0960 | 0-518; 0-0998 | 0-462 | 0-01240 | 0:474; 0:01249 
0-535 0-0941 | 0-542 0-:0961 | 0-489} 0-01219 | 0:494| 0-01236- 
0-546 0:0924 | 0:565 0:0930 0-508 | 0-01202 | 0-512) 0-01222 
0-559 0:0903 | 0-588 | 0-0895 | 0°529/ 0-01185 | 0-534} 0-01203 
0:570 0:0885 | 0-611 0-0861 || 0-558 | 0-01157 | 0-562; 0-01181 
0-578 0:0873 | 0-638 | 0-0818 | 0°574 | 0-01141 | 0:585) 0-01158 
0-590 0-0853 | 0-661 0:0778 | 0-599} 0-01114 | 0-606) 0-01138. 
0-600 0-0836 | 0-676. 0-0754 | 0-611 | 0-01100 | 0-630; 0-01107 
0-610 0-0820 | 0-705; 0-0699. | 0-630 | 0-:01074 | 0-647) 0-01086 
0-615 0-:0813 | 0-738! 0-0637 | 0-640 | 0-01060 | 0-672) 0:01051 
0-632 0:0784 | 0-760; 0-0586 | 0-662 | 0-01027 | 0-696) 0-01015- 
0-650 0:0752 | 0-796 0-0502 | 0-682 | 0-00997 | 0-734)| 0-00954 
0-662 0:0730 | 0-805, 0:0479 | 0-712 | 0:00950 | 0°755| 0-00915- 
0-677 0-0702 | 0-840 0-0395 | 0°735 | 0-:00909 | 0-783) 0-00862 
0-685 0:0687 | | 0:756 | 0:00870 | 0-813; 0-00803- 
0°736 0-0581 0-777 | 0:00828 | 0-880 0:00652 
0-747 0:0555 | 0-800 | 0-00781 
0-764 0:0516 | 0-823 | 0:00732 
0-770 0:0500 0-854 | 0-00661 
0-781 0:0475 
0-810 0-0400 


0-0349 


346 
TABLE 2. 


AIRSCREW FOR B:E.2c MACHINE 
(R.A.F. DRAWING No. 1.4966). 


Diameter of model airscrew = 1:5 feet. 
Scale of model airscrew = 1/6:3 full size. 


V in feet per second. 
n in revolutions per second. 
D diameter in feet. 


Without Interference. | With Interference of B.E. 2c Body. 


Y Efficiency. | Vv | Efficiency. 
nD (Percentage. ) nD (Percentage. ) 
- 0°46 62-0 0-46 63:0 
0°50 65:3 0°50 | 66:0 
0°54 68-0 0-54 | 69-2 
0:58 70-5 0-58 | 71:7 
0-62 72:8 0-62 | 74-5 
0-66 74:5 0:66 | 76:5 
0-70 756 0-70 78:3 
0-74 74:5 0:74 78°7 
0-78 72:0 0:78 77:2 
0-82 65:7 0-82 73°5 
0-86 55°5 0-86 | 66-0 


TABLE 3. 


DRAG OF B.E.2c BODY AT SEVERAL SPEEDS AS: 
MEASURED IN 4-rtr. CHANNEL (No. 1). 


Scale of model body = 1 /6th full size (about). 


Wind Speed. 


Drag of Body 
(Feet per Second.) in Lbs. 
25 0:0579 
30 0:0836 
35 0-1105 
40 0-1432 
45 0:1924 
Drag of model body = 0-0000908 V? lbs. 


Drag of body at 40 ft. /sec. = 0:1455 lbs. 


Scale in ins. 
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TABLE 4. 


INTERFERENCE OF AIRSCREW B.E.2c. (B.A.F. DRAWING 
No. 1.4966) UPON B.E.2c BODY. 


Scale of model body about 1 /6th full size. 


R, = Resistance coefficient of body without interference from 


airscrew. 
R = Resistance coefficient of body with interference from 
airscrew. 
V /nD for Airscrew. Value of R/Ro. 
0:454 2-020 
0-472 1-914 
0-510 1-698 
0:520 1-671 
0:532 1-612 
0-540 1-584 
0-546 1°572 
0:568 1-518 
0-585 1-450 
0-595 1-416 
0-610 1-345 
(Polen: 1-340 
0-649 1-264 
0-662 1-238 
0-680 1-207 
0-702 1-152 
Q:717 1°137 
0:728 1-127 
0:758 1-106 
Q:777 1-073 
0-793 1-048 
0-820 1-031 


348 


TABLE 5. 


A COMPARISON OF THE EFFICIENCY OF THE COM- 
BINATION OF B.E.2c BODY AND AIRSCREW, AS 
CALCULATED FROM EXPERIMENTS INVOLVING 
MUTUAL INTERFERENCH, WITH THAT CALCULATED 
FROM EXPERIMENTS WITHOUT INTERFERENCE. 


With Interference. Without Interference, 
Value of l eae : 
V [nD. Value of T’ Value of Value of T.’ Value of 
for the Efficiency for the Efficiency 
Combination. (Percentage. ) Combination. (Percentage. ) 
0-42 0:1072 56:2 0-1080 57:0 
0:45 0:1029 58-2 0:1036 59:5 
0-50 0-0950 61-4 0:0951 62-6 
0°55 0:0871 64-0 0-0864 64-7 
0-60 0:0789 65-9 (00774 66-5 
0-65 0:0706 67°5 0-0682 67°4 
0-70 0-0611 67:5 0:0573 66-0 
0:75 0-0503 | 65-0 0:0451 61-0 
0-80 0-0380 | 58-4 0-0316 51°5 
0°85 0:0240 | 44-9 0-0169 | 34-2 
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AN INVESTIGATION OF THE MUTUAL INTERFERENCE 
OF THE AIRSCREW, BODY AND WINGS OF THE 
TRACTOR AEROPLANE, B.E. 2k. 


By A. Faas, A.R.C.Se., and H. E. Cots. 


Reports and Memoranda, No. 393. January, 1918. 


SuMMARY.—(a) Introductory. (Reason for inquiry.)—A large number 
of full-scale experiments have been made on the B.E. 2E machine at the 
Royal Aircraft Factory. The objects of the present investigation were 
to obtain data needed in the reduction of the full-scale experiments, and 
also to obtain further information of the mutual interference between 
the airscrew and body. 


Other investigations dealing with the mutual interference of the body 
and airscrew are givenin R. & M. Nos. 305 and 344, 


(b) Range of the investigationn—Experiments were made with the 
airscrew balance on models of 1 /6th scale. The model body had engine 
cowling, landing gear, but no rudder, fin or elevator. The interference 
of the body, and also of the wings on the airscrew were measured. 
Measurements of the resistance of the body alone, and also with the 
interference of the wings, were made in both 4-ft. and 7-ft. channels at 
several wind speeds. The resistance of the body alone, and also of the 
body with the interference of the wings, with the airscrew running, were 
measured in the 4-ft. channel. 


(c) Conclusions.—The reduction of the results was somewhat com- 
plicated by the “‘ v/”’ effect of the model airscrew. (See R. & M. 390.) 
To develop the same thrust at the same rotational speed, the forward 
speed needs to be increased by 4:0 per cent. due to body alone, and 5:0 
per cent. due to combined interference of body and wings. The same 
torque is expended at the same rotational speed, when the body is behind 
the airscrew, if the forward speed is increased by 3:0 per cent. at the 
higher values of the ratio of the forward speed to the product of the 
diameter and the rotational speed (V/uD), and about 8:0 per cent. at 
climbing. The wings seem to have no additional interference effect on 
torque. 

The values of the maximum efficiency of the airscrew alone, the air- 
screw with body interference, and the airscrew with body and wing inter- 
ferences, are 75°5 per cent., 74:0 per cent., and 76:0 per cent. respectively. 
At climbing the efficiency with interference of body is about 2 per cent. 
lower than that of the airscrew alone. At the lower values of (V/nD) 
the efficiency is practically unaffected by the combined interference of 
body and wings. 

The drags of the body as measured in the 4-ft. and 7-ft. channels 
differ because of the “ blocking-up ” effect, and also of an interference 
from the wall of the 4-ft. channel. The drag of the body alone is pro- 
portional to the square of the wind speed, at the speeds of the experiment, 


050 


but with interference of wings the drag of the body is not proportional 
to the square of the wind speed. If (R/R,) be the ratio of the drag of 
the body with airscrew running, to the drag without any interference, 
(R/Ro) = 0°855 + 1°32 (T /pV?2D?) 
in the case of no interference from wings, and 
(R /Re) = 0°83: 1°18 (Ty6V2D") 
with interference from wings. 

These values of (R/R,) are much lower than would be calculated from 
considerations of momentum. The resistance of the body alone has 
a high value, owing to the flow of air around the engine and through the 
cowling, and the experiments show that the air flow at the front of the 
body is appreciably modified by the working of the airscrew. The addi- 
tional interference of the wings influences both the speed and the direction 
of the slip stream, but does not interfere with the flow of air through 
the cowling. ; 

Finally, the airscrew and body are regarded as a combination, and the 
efficiency of this combination as calculated from the experiments involving 
mutual interference—with and without the additional interference of the 
wings—is compared with that calculated from the non-interference experi- 
ments, in which the effect of the slip stream on the body, and the effect 
of the body on the airscrew are both neglected. From these calculations 
the conclusion previously reached in reports R. & M. 305 and 344, “‘ that 
calculations based on the ordinary non-interference experiments on an 
airscrew and body in which no allowance is made for the effect of the 
slip stream on the body and for the interference of the body on the air- 
screw, are of sufficient accuracy for nearly all practical purposes ’”’ is 
supported, but not so strongly as in previous reports. 


(d) Applications and further develobments.—The present investigation 
forms a part of a rather extensive research made to obtain the mutual 
interference of airscrews and bodies of both tractor and pusher machines. 

Further investigations, other than reports Nos. R. & M. 344, R. & M 
305 and the present report, are necessary to explain why tractor machines 
are better than pusher, es these reports show that the mutual interfer- 
ences of the airscrew and body are approximately the same in the two 
cases. 


The experiments described in the present report on the mutual 
interference between the airscrew, body and wings of a model 
aeroplane of the B.E. 2u type were made at the request of the 
Royal Aircraft Factory. 


Full scale experiments on this machine have been made at 
the R.A.F., and the primary objects of the present investigation 
were to obtain data which would facilitate the reduction of the 
results of the full scale experiments, and at the same time to 
obtain some evidence of the value of model experiments in the 
estimation of the performance of a full-size machine. 


Description of the models.—A sketch of the airscrew for B.E. 2, 
R.A.F. Drawing No. T. 7850, is given in Fig. 1. The airscrew 
has four blades, a diameter of 9’ 1”, and is rather full at the tip 
in plan form. The angles of the blade vary from 20° 39’ at the 
tip section to 68° 54’ at the base. The model airscrew of scale 
one-sixth, was made in aluminium at the R.A.F. The reduction 
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of the results of the experiments with this model airscrew was: 
somewhat complicated by a “scale-speed”’ effect. (See Report 
R. & M. 390.) 


A sketch of the body and wings is given in Fig. 2, the scale 
of the models being one-sixth. A representation of the R.A.F. 
engine and cowling was fitted at the front of the body. The 
landing gear was attached to the body, but the rudder, elevator 
and fin were not mounted. The model wings, section R.A.F. 14, 
with the struts in place, extended to the walls of the channel, 
the chord of a wing section making an angle of 4° with the 
longitudinal axis of the body. 


Description of the experiments.—All the airscrew experiments: 
were made in the No. 1 4-ft. channel, the measurements of 
torque and thrust being made with the airscrew balance in the 
manner described in Report R. & M. 344, in which the airscrew 
is mounted behind the vertical shaft of the balance. As pointed 
out in the report, measurements of the thrust and torque may 
thus be made, with or without the interference of body and 
wings, without any disturbance of the measuring apparatus, and 
so the “interference ” effect of the body, &c., may be measured 
very accurately. Experiments were made to find the inter- 
ference on the performance of the airscrew of the body alone, 
and also of the combination of body and wings. Following 
the customary practice, the measurements of thrust and torque 
have been expressed in absolute coefficients. Thus the thrust 
T and the torque Q may be calculated directly from the 
relationships, 

AWS ed Bitsy ("od BE 


Q = Q’.en*D> 


where the diameter of the airscrew D, the rotational speed n, 
the mass density oe, T, and Q are all expressed in any system of 
consistent units, T’, and Q’, being non-dimensional coefficients. 


The absolute thrust and torque coefficients of the tables are 
to be taken for a standard atmosphere of temperature 15-6° C. 
and barometer 760 mms. Measurements of the resistance of the 
body alone, and also with the interference of the wings, were 
made in both the 4-ft. and 7-ft. channels, at several wind speeds. 


The resistances of the body alone, and of the body with 
the interference of the wings, with the airscrew running, were 
measured in the 4-ft. channel, the airscrew shaft running in a 
tube of 2” diameter supported by wires from the channel, so as to 
reduce the obstruction in front of the airscrew to a minimum. 


and 


Discussion. of the results of the experiments.—As stated earlier 
in the report, this airscrew has a “‘scale-speed ”’ effect of some 
magnitude. Accordingly, for consistency, the appropriate “ vl” 
corrections were applied to all the experimental measurements 
to reduce them to a wind speed of 45-ft./sec. The experiments 
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definitely established the magnitude of the “ scale-speed ”’ effect 
described in Report R. & M. 390, from which it can be seen 
that the effect was not completely eliminated at the highest 
translational speed of the experiments, namely, 45-ft. /sec. 


The results of the airscrew experiments are given in Tables 1-3, 
and shown graphically in Figs. 3-5. The presence of the body 
and wings slows up the air in the neighbourhood of the airscrew, 
resulting as shown in Figs. 3 and 4 in a shift of the thrust and 
torque curves parallel to the axis of (V/nD). ‘To develop the 
same thrust at the same rotational speed, the translational speed 
of the airscrew relatively to the undisturbed air needs to be 
increased by about 4:0 per cent. due to the presence of the body 
alone, and about 5-0 per cent. due to the combined interference 
of body and wings. The airscrew has the rather high value of 
1-29 D for the experimental mean pitch. The effect of the inter- 
ference of the body is to increase, at any value of (V/nD), the 
value of the torque coefficient by about 0-0018, or expressing 
the interference in a similar manner to the thrust, the same 
torque will be developed at the same rotational speed, when the 
body is pehind the airscrew, if the translational speed be in- 
creased by 3:0 per cent. at high values of (V/nD) and about 
8-0 per cent. when climbing. Within the limits of accuracy of 
the experiments, the combined interference of the body and 
wings on the torque agrees with that due to the body alone. 


The values of the maximum efficiency for the airscrew alone, 
for the airscrew with the interference of the body, and for the 
airscrew with the combined interference of body and wings are 
75-5 per cent., 74:0 per cent., and 76-0 per cent. respectively. 
It is expected that the maximum efficiency of the full-size air- 
screw will be somewhat higher than that of the model, because 
a small “vl” effect was present at the higher speeds of the 
experiment. At climbing speeds, the efficiency of the airscrew 
with the interference of the body alone is about 2 per cent. 
lower than that of the airscrew without any interference. The 
efficiency at the lower values of (V /nD) is practically unaffected 
by the combined interference of the body and wings. The drag 
of the body alone, and also with the interference of the wings 
and struts, was measured in both the 4-ft. and 7-ft. channels 
at several speeds. The data from these experiments are given 
in Table 4 and also shown graphically in Fig. 6. The drag of 
the body without any interference from the wings was found to 
be proportional to the square of the wind speed, from both series 
of experiments, but the values at any wind speed are not in agree- 
ment, the drag measured in the 4-ft. channel being the lower. 
The “ blocking-up ” effect of the body is greater in the 4-ft. 
channel, so that a discrepancy between the drag measurements 
would be expected, but not in the direction found from the 
experiments. A probable explanation is that, io «addition to 
the “ blocking-up,” there is a decided “ wall-interfererce ”’ effect, 


353 


since the wheels of the landing gear are only about 6” from the 
wall of the 44t. channel, and consequently are in a region of 
low velocity. At the speeds of the experiment the drag of the 
body with the interference of wings and struts is not propor- 
tional to the square of the wind speed. The agreement between 
the measurements of drag in the two channels, making no 
correction for the ‘ blocking-up”’ due to the model and the 
interference from the walls, is closer when the body is subjected 
to the interference of the wings and struts. 


The results of the second series of experiments from which 
was measured the interference of the airscrew on the body, 
with and without the interference of the wings, are given in 
the Tables 5 and 6 and in Figs. 7 and 8. In Fig. 7 the values 
of (R/R,) for the body are plotted against the corresponding 
values of (V/nD) of the airscrew; (R/R,) is the ratio of the 
resistance of the body with the airscrew running to the resistance 
of the body without any airscrew interference. The curves of 
Fig. 8 show that the relationship between (R/R,) and (T /eV?D?) 
may be expressed approximately by a linear equation, that is 


BR ‘= 0-855 [220 pe Lae 
Rew i | VeD? 


in the case of no interference from the wings, and 


2) Sek eat ae 
R) te Be EIDE 


with the additional interference of the wings. It is shown in 
Report R. & M. 344 that the theoretical relationship between 
(R/Ro) and (T/oV?D?) calculated directly from consideration of 
momentum is 


21 (m) - (ViE-") 


The curve given by this latter equation is represented by the 
dotted line of Fig. 8, which clearly shows that at any value of 
the thrust, the theoretical calculation considerably over-estimates 
the value of (R/R,). The velocity of the air in the neighbour- 
hood of the body would probably be lower than that calculated, 
but it is expected that the larger part of the discrepancy between 
the theoretical and experimental resistances is due to the 
“blocking-up ”’ of the front of the body by the boss of the air- 
screw. ‘The resistance of the body alone has a high value, owing 
to the flow of air round the engine and through the cowling, 
and the conclusion which may be drawn from the interference 
experiments is that the air flow at the front of the body is 
appreciably modified by the working of the airscrew. In fact 
it would seem that up to quite moderate values of the thrust 
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a smaller quantity of air is flowing over the engine and through 
the cowling than when the airscrew is not running. At the 
same value of (T/pVD?), the value of (R/R,) is reduced by the 
interference of wings, the wings influencing both the speed and 
direction of the slip stream, but it is not expected that they 
would interfere with the flow of air through the cowling. 


The separate statements of body and airscrew interferences 
which are given below do not in themselves convey a complete 
idea of the mutual interference. Accordingly, the airscrew and 
the body have been regarded as a combination, and the efficiency 
of this combination as calculated from the experiments involving 
mutual interference between the airscrew and body, with and 
without wing interference, have been compared with that cal- 
culated from the non-interference experiments, in which the 
effect of the slip stream on the body and the effect of the body 
on the airscrew are both neglected. Thus, considering the 
experiments in which there is no interference from the wings, 
it is seen from Table 4 that the drag of the body may be expressed 
as 0:0391 pV7D°, so that the value of the thrust coefficient for 
the combination is 


Ty 0-0391 = fo 
‘ie By? VaDv 


and the efficiency is 


NBR Ie: 2 
15-9 Ge Nas — 0-0391 Ge ca per cent. 
OF en 


The coefficients T’, and Q’, are taken from experiments with 
interference. 


For the combination without interference, the thrust coefficient 


is 
) tee 
E ¢ — 0-0391 (5 


and the efficiency of the combination is 


15-9 wae? V \2 
nD T’, — 0:0391 co per cent. 
0” nD 


The results of the calculations are given in Table 7, 


General conclusions.—The curves of Vig. 9 which have been | 


plotted from the data of Table 7 show that calculations based 
on the results of the separate experiments on the body and the 
airscrew would tend to under-estimate at high forward speeds, 


I 
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and to over-estimate at climbing speeds, the efficiency of the 
combination. ‘The conclusion made at the end of the previous 
reports dealing with the subject of mutual interference, “ that 
calculations based on the data of ordinary non-interference 
experiments on an airscrew and body, in which no allowance is 
made for the effect of the slip stream on the body and for the 
interference of the body on the airscrew, are of sufficient 
accuracy for nearly all practical purposes,”’ is supported, perhaps 
not so strongly, by the experiments of the present investigation. 
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TABLE ih, 


FOUR-BLADED AIRSCREW FOR B.E. 2e (R.A.F. 
DRAWING No. 1.7850). 


DIAMETER OF MODEL AIRSCREW =1-515 Fr, 
(Scale 1/6th full size). 


V in feet per second. 

nm in revolutions per second. 
D diameter in feet. 

The thrust T = T’,on2D?. 


Before calculating the following coefficients all the experi- 
mental data were reduced to a uniform wind speed of 45-ft. /sec. 
by applying the appropriate “scale-speed’”’ corrections from 
R. & M. 390. 


Value of T’, Value of T’, | Magata et 

ax ) eee & ) ieee & ) pele ouce 

ny | alone. By of Body. oe et Winall 
1°:280 | 0:0030 1-274 O:0177 1:295 0:0182 
1°200 0:0289 12268 0:0305 1:250 0:0312 
17143 0:0493 1°166 0:0513 1°183 0°0526 
1°095 0:0660 LeTt7 0:0689 1s1 23 0:0695 
12017 | 0:0930 1:067 00824 1:077 0:0835 
0°957 0°1130 CS) 0:0951 1:042 0:0972 
0:922 0:°1235 0:998 0:1068 1:003 0:1075 
0°888 | O1335 0:937 1255 0:971 0°1180 
0°872 0:°1390 0:930 0:1254 0:938 0°1280 
0°828 | 0°1495 0°890 0°1384 0:908 0°1360 
0:794 0:1570 0°852 0:1481 0-898 0°1395. 
0°735 0:1670 0°816 0°1552 0°862 0:1498 
0°692 | 0°1735 0:787 0:°1624 0:788 0°1650 
0°654 | 0:1780 0°758 0°1670 0°726 0°1724 
0-618 0°1820 0°726 0:1718 0°676 0°1795 
0:586 0°1850 0°677 0:1800 0°630 0:1870 
0°632 0:1848 0°599 0°1960 

0:597 0°1894 


Oe 
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TABLE 2, 


FOUR-BLADED AIRSCREW FOR B.E. 2u (R.AF. 
DRAWING No. 1.7850). 


DIAMETER OF MODEL AIRSCREW =1:515 Fr. 
(Scale 1/6th full size). 


V in feet per second. 

m in revolutions per second. 
D diameter in feet. 

ihe torque == 7 on2))* 


Before calculating the following coefficients all the experi- 
mental data were reduced to a uniform wind speed of 45-ft. /sec. 
by applying the appropriate “ scale-speed ”’ corrections. 


| Value of Q’. | Value of Q’ | Value Se Q’c 
( v ) | for (Cae with am Taterferete: 
aa | Airscrew — | Interference a : 
nD | alone. nD of Body. nD of ee and 
| | ings. 
1-245 0:0089 1°281 0°0094 1-266 0:0692 
1°238 0:0088 1-260 0:0092 1°245 0°0117 
Lehi 0:0129 1:246 0:0117 1°190 0:0133 
1°126 0:0149 1234 0:0114 1°171 0°0153 
1°010 0:0206 222 0:0113 1-065 0:0198 
0:947 0:0229 1:005 OO 222 1°050 0:0200 
0:916 0:0244 0:°974 0:0240 1028 0°0213 
0-960 0:0251 0:970 0:0240 0:990 0:0231 
0°853 0:0264 0:948 0:0246 0:952 0°0247 
0:786 0°0281 0-942 0:0257 0:942 0:0252 
0°748 0:0288 0:894 0°0263 0°915 0:0259 
0-713 0:0293 0:878 0:0280 0°871 0:0274 
0°673 0:0297 0-808 0:0289 0°831 0:0283 
0:582 0:0302 0:806 0:0296 0°828 0:0290 
0:778 0:0302 0°762 0:0303 
0°770 0:0300 0°755 0:0298 
0:715 0:0306 0°703 0°0306 
0:700 0°0313 0:°644 0:0307 
0°645 0:0309 0°628 0:0313 
0:633 0°0313 0:590 0:0315 
0°605 0:0319 0°576 0:0312 


Q:572 0°0312 
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TABLE 3. 


FOUR-BLADED AIRSCREW FOR B.E. 22 (R.AF. 
DRAWING No. 1.7850). 


DIAMETER OF MODEL AIRSCREW =1-515 Fr. 
(Scale 1/6th full size). 
V in feet per second. 


m in revolutions per second. 
D diameter in feet. 


Before calculating the following coefficients all the experi- 
mental data were reduced to a uniform wind speed of 45-ft. /sec. 
by applying the appropriate “* scale-speed ”’ corrections. 


SRA A DRT 8 


| 


Value of | Value of Value of 
Efficiency for Efficiency with Efficiency with 
V Airsecrew Vv _ Interference Vv _ Interference of 
Bs | alone. it) of Body. aes) | Body and 
| Wings. 
Percentage. | Percentage. Percentage. 

25 30°8 1325 48°3 25 58°7 

20) Ie7 1:20 60:0 1°20 67°9 

Ea BS: 61:7 Leib 67°6 Th5 T22 
1:10 68°8 teh) PL tk 1°40 ioe 
1°05 73°6 1:05 73°6 1:05 76°4 

1°00 TOO 1:00 74:2 1:00 76°4 
0°95 TOO 0:95 73°6 0:95 75°95 
0:90 TEES 0:90 FoeT 0:90 74:4 
0°85 To3°% 0°85 716 0°85 73°0 
0°80 TIO 0-80 69°5 0:80 71:4 
O75 68:4 0:75 67-0 0°75 67°8 
0-70 65°2 0-70 63°8 0-70 64°3 
0°65 61:9 0°65 60°5 0°65 61:2 
0:60 58:0 0-60 S7eS 0-60 58°0 
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TABLE 4, 
DRAG OF B.E. 2& BODY. 


(Scale of model body 1 /6th full size.) 


Body alone without Interference Body with Interference of 
of Wings. Wings and Struts. 
ee eos Drag in Lbs. Drag in Lbs. 
4-ft. Channel. | 7-ft. Channel. | 4-ft. Channel. | 7-ft. Channel. 
25 G-151 0:137 0-143 0-145 
30 0:187 0°196 0-207 0-206 
39 0-250 0:26] 0-280 0-281 
40 0-330 - 0°34] 0-356 0°364 
45 0-414 0-430 | 0°445 0°454 


Drag of model body alone at 40-ft. /sec. = 0-341 Ibs. 
Drag of model body alone = 0-000213 V2 lbs. 


Drag of model body at 40-ft. /sec. with interference of wings 
and struts = 0-366 lbs. 


Drag of model body with interference of wings and struts = 
0-00029 V2 lbs. 


B3828n G 
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TABLE 5, 


INTERFERENCE OF AIRSCREW B.E. 28 (R.A.F. 
DRAWING No. T.7850) ON THE BODY OF B.E. 2k. 
(Scale of model body 1 /6th full size.) 


R, = Resistance coefficient of body without inter- 
ference from airscrew. 


R = Resistance coefficient of body with inter- 
ference from airscrew. 


The values of the table have been corrected for the “ scale- 
speed ” effect of airscrew. 


Value of | Value of Value of 
S| Gey | 
nD | \ pV2De Ro 
1-208 | 0-027 0-890 
1-160 | 0-040 “0-900 
1:133 | 0-049 0-907 
1:130 | 0-050 0-920 
1:127 0-051 0-935 
1-089 | 0-066 | 0-925 
1-065 0-075 0-948 
1-055 0-079 | 0-970 
0-930 0148 | 1-060 
0848 0-209 1-120 
0790 0-260 | 1-208 
0-740 S13 eee 1-265 
0°695 0-367 | 1-342 
0-660 0-418 1-415 
0-615 0-494 | 1-500 
0-590 0548 1:565 
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TABLE 6. 


INTERFERENCE OF AIRSCREW B.E. 25 (R.A.F. DRAW- 
ING No. T.7850) ON THE BODY OF B.E. 28, WITH 
THE WINGS MOUNTED IN POSITION BUT NOT 
ATTACHED TO THE BODY. 

(Scale of model body 1 /6th full size.) 


Ry = Resistance coefficient of body without inter- 
ference from airscrew. 


R = Resistance coefficient of body with inter- 
ference from airscrew. 


The values of the table have been corrected for the “ scale- 
speed ”’ effect of the airscrew. 


Value of Value of Value of 


(np) (v0) (i) 
nD pV2D? Ro 

Pho) 0:054 0°875 
L092 0:067 0:900 
1-048 0:086 0:926 
1-040 0-090 0°935 
1:020 0:099 0:948 
0°985 0:118 mene, O°O7 7} 
0-960 DAGZ 0:983 
0-935 0:147 1:014 
0-900 O:172 1:039 
0-863 0°201 1-050 
0:840 0-259 T102 
0-820 0-237 1:098 
0:760 0:295 1198 
0°705 0°358 1255 
0°675 0°400 Isg15 
0:640 0°454 1°360 
0°625 0-481 1°382 
0-610 0:509 1:440 
0:606 0-517 1°440 


A SL I SET 7S SEP STS 1 LST EY FES IT LS OE PPE LEIS DELS PY ELS ALE TC TI Ty PY a 
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A COMPARISON OF THE EFFICIENCY OF THE COM- 
BINATION OF B.E. 2—e BODY AND AIRSCREW, AS 
CALCULATED FROM EXPERIMENTS INVOLVING ° 
MUTUAL INTERFERENCE WITH THAT CALCULATED 
FROM EXPERIMENTS WITHOUT INTERFERENCE. 


between Airscrew 


| ee e st var Airser - 
Beart oubinterter ace ee ith Teer u De sae — Airserew ee padys 


| Without Interference | With Interference 


mor b of Wings. of Wings. 
Value of (Fac ten oan 7 aryera’ 3 
Vv Value of Value of | | Value of 
( ny ae Value of T Value of | T ) Value of 
( ar Efficiency. pnD! Efficiency. | pn=Dt Efficiency. 
for the for the for the 
ce ne Percentage. sererenh Percentage. es | Percentage. 
1:10 0°01 7 1575 0-029 28:2 Sar F0-0s4 32°5 
1-00 0-059 45-0 0-067 47°2 0-070 49-0 
0°95 0-080 51°5 0-085 o1°4 0-088 53°2 
0-90 0-098 56:0 0-102 54°5 0-104 55°8 
0°85 0-116 58°8 0-118 56°5 0°120 97°6 
0°80 O13 TA 977 0-13] o7°0 0-133 58°0 
0°75 O:TASanE (502 0°142 56°2 0-144 56°7 
0:70 0°153 97°53 0-151 54°6 0°153 55°3 
0°60 0-170 53°7 0-167 5190 OL 70" ie eet 
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A PRELIMINARY INVESTIGATION OF THE MUTUAL 
INTERFERENCE OF AN AIRSCREW AND A TRACTOR 
BODY, AS AFFECTED BY THE FAIRING OF THE 
NOSE OF THE BODY. 


By A. Facn, A.R.C.Sc., and H. E. CoLiins. 


Reports and Memoranda, No. 401. January, 1918. 


Summary. — (a) Introductory. (Reasons for inquiry.)— The present 
experimdhts were made at the request of the Air Board to determine the 
effect of fairing the nose of a tractor body, the fairing being made either 
behind the airscrew, or the shape of the body being continued in front by 
a nose-piece attached to, and rotating with, the airscrew. The investigation 
is intended to be of a preliminary character. At the beginning of the 
report dt is pointed out that the desirability and applicability of fairing 
will depend on the type of engine mounted. 


(b) Range of the investigation.—A tractor body was used having the 
general form of the old B.E.2C body, the nose of the body being faired 
by means of a detachable nose-piece ; the airscrew used was a model, 
4th full size, of the R.E.7 airscrew (R.A.F. Drawing T.5014). 


The investigation covered the following combinations ;:— 
(1) ee mutual interference of the airscrew and the “ faired ’’ body, 
, the body with the “ faired ’? nose-piece attached. 
(2) Mutual interference of the airscrew and the “ unfaired ’’ body, 
1.e., with the “‘ faired ’’ nose-piece detached. 


(3) Mutual interference of the airscrew, to which was attached the 
“faired ’’ nose-piece, and the “‘ unfaired ”’ body. 


(c) Conclusions.—No advantage was found in the use of a “ faired ”’ 
body behind the airscrew as compared with .an “ unfaired’’ body— 
“unfaired ” is to be given the meaning of the present report. There is, 
however, a material gain of efficiency to be expected by the use of a faired 
nose-piece rotating with the airscrew, in conjunction with an “ unfaired ”’ 
body, the increase in efficiency in the present investigation as compared 
with the previous combinations being about 4 per cent. over the working 
range of V/nD. 


The present experiments were made at the request of the 
Air Board to determine the effect of fairing the nose of a tractor 
body, the fairing being made either behind the airscrew, or the 
shape of the body being continued in front by a nose-piece attached 
to, and rotating with, the airscrew. As no experimental data on 
this problem were available, it was thought that the preliminary 
investigation should be of a general character. Accordingly the 
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‘present experiments were made with a model body of B.H.2C 
type, modified at the nose so as to facilitate the attachment of a 
fairing piece, whilst at the same time retaining a shape character- 
istic of an aeroplane body. The need for, and the nature of, the 
fairing at the front of the body will of course greatly depend on 
the type of engine mounted. Thus, in the case of the stationary 
air-cooled engine it may be of greater importance to make the 
air flow around the engine and so obtain more efficient cooling, 
rather than to attempt to reduce the resistance by making the 
flow conformable to the lines of the body. 


The advisability of fairing in the case of a rotary engine often 
needs consideration, because the attachment of a circular fairing 
piece to the airscrew can usually be made very satisfactorily. 
With a machine driven by a water-cooled engine much depends 
on the position of the radiator. Obviously fairing would not be 
desirable if the radiator were mounted at the nose of the body, 
but unfortunately the flow of air through the radiator would 
probably greatly increase the drag of the body. In this con- 
nection it is worth noticing that a smaller radiator situated well 
out in the slip stream away from the body would probabfy suffice 
for the efficient cooling of the engine, whilst at the same time the 
body could be given a more efficient streamline shape. 


Description of models—The airscrew used in the present 
investigation was a model of the two-bladed airscrew for R.E.7 
(R.A.F. Drawing No. T.5014). The model, of scale 3th, was 
made in wood at the Royal Aircraft Factory. A drawing of the 
airscrew is given in Fig. 1, from which it is seen that the diameter 
of the full-sized airscrew is 9 feet 2 inches and that the blade-angles 
vary from 14° 22’ at the section next to the tip to 52° at the 
section next to the boss. 


In Fig. 2 is given a drawing of the model body which resembles 
the old B.E.2C body (R. & M. 344), but with the forward 
end modified so as to adapt it to receive a faired nose-piece of 
circular section. ‘The nose-piece of length 2% inches was made 
so as to be detachable. From the side elevation of Fig. 2 it is 
seen that the faired outline of the nose-piece runs into that of 
the body. The body with the faired nose-piece attached is 
hereafter referred to as the “ faired body,” and with the nose-piece 
detached as the “ unfaired body.” The principal dimensions of 
the model body are given in the drawing. A second nose-piece 
was made, of the same dimensions as that described above, but: 
adapted to fit round and to rotate with the airscrew as shown 
in Fig. 3. 


Description of the experiments.—The experiments were con- 
ducted in the No. 1 4-ft. wind channel, the thrust and torque 
of the airscrew being measured with the airscrew balance (described 
in previous reports). In the present experiments the balance was 
arranged so that the airscrew was about 17 inches behind the 
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vertical shaft of the airscrew balance, the driving belt being 
between the shaft and the airscrew. The usual cylindrical guard 
and streamline guard-body were used as described in previous 
reports. 


In order to ascertain whether there was any appreciable 
interference between the guards of the balance and the airscrew, 
the balance as a whole was rotated through an angie of 180°, 
thus bringing the plane of rotation of the airscrew about 17 inches 
in front of the vertical shaft of the balance. The airscrew was 
accordingly tested in this position, in which it is thought that 
the interference effects of the guards, &c., are very small. It was 
found that the performances measured with the airscrew in these 
two positions were identical within the limits of experimental 
error. 


The following experiments were then made :— 

(1) The airscrew alone was tested for thrust and torque. 

(2) The airscrew was tested for thrust and torque with the 
“‘ faired ’’ body in place behind the airscrew. 

(3) The airscrew was tested for thrust and torque with the 
‘“‘unfaired ”’ body in place behind the airscrew. 

(4) The airscrew, to which was attached the faired nose- 
piece, was tested for thrust and torque. 

(5) The airscrew with the faired nose-piece attached was 
tested for thrust and torque with the “ unfaired ’’ body 
in place behind the airscrew. 


The combinations of airscrew and body set out in (2), (3), 
and (5) above are illustrated diagrammatically in Fig. 4; the 
arrangement of (4) is illustrated in Fig. 3. 


In the experiments (4) and (5) the faired nose-piece came 
rather close to the guard of the balance, so that it was considered 
advisable to determine the effect of the faired nose-piece on the 
performance of the airscrew with the airscrew balance rotated 
as a whole through an angle of 180°, in which position the plane 
of rotation of the airscrew is about 17 inches in front of the 
vertical shaft of the balance, and the faired nose-piece is well in 
front of the guard body. It was found that the performance of 
the airscrew was unaffected, within the limits of experimental 
error, by the attachment of the nose-piece. This result is probably 
only a characteristic of this particular combination and not 
generally applicable to all combinations of airscrew and faired 
boss, although it is not expected that the performance of an 
airscrew will be greatly affected by the presence of a faired boss. 


The airscrew performances (thrust and torque) are in all cases 
presented in the form of absolute coefficients, from which the 
thrust and torque may be calculated as follows :— 


Mhruste wile t aly ones. 
orques=.G) —=,C)\..07*12°, 
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where the thrust T, torque Q, diameter of airscrew D, rotational 
speed n, and mass density e are all expressed in any system of 
consistent units, and T’, and Q’, are non-dimensional coefficients,. 
taken for a standard atmosphere of temperature = 15-6°C. and. 
barometer = 760 mm. 


The resistances of the bodies were measured in the No. 1 
4-ft. wind channel. In the measurements of resistance of the 
body when in the slip stream of the airscrew, the latter was 
supported in the channel by means of a tube, 2-inch diameter, 
attached to the channel walls by means of wires. 


Discussion of the results of the experiments—The results of the 
experiments on the airscrew alone (as in (1) above) and in com- 
binations (2) and (3) are given in Tables 1-3 and Figs. 5-7; those 
of the airscrew in combinations (4) and (5) are given in Table 4 
and Fig. 8. 


(a) Combination (2).—It will be seen that the proximity of 
the “‘faired’’ body to the airscrew does not greatly affect the 
efficiency of the airscrew, the effect being greatest, at low values 
of V /nD, where the efficiency is raised by about 2 per cent. 


The thrust and torque of the airscrew, at given values of the 
translational velocity V and the rotational velocity n, are both 
increased by the presence of the body, the percentage increase 
being about the same for both thrust and torque in the region 
of maximum efficiency. 


(b) Combination (3)—With the “unfaired”’ body situated 
behind the airscrew, it was found that the thrust of the airscrew, 
at given values of V and n, was increased to a greater extent 
than in the case of combination (2), whilst the torque curve (see 
Fig. 6), though raised at the higher values of V /nD, will be seen 
to cross the curve for combination (2) at a value of V/nD of 
about 0:59. 


The maximum efficiency of the airscrew is thus increased in 
the case of the combination (3) from 66 per cent. for the airscrew 
alone to a maximum of 69 per cent. with the body in place. 


(c) Combination (5).—In this case, the effect of the presence 
of the body on the performance of the airscrew is much more 
marked than in either of the combinations (2) or (3). Thus the 
maximum efficiency is increased from 66 per cent. for the 
airscrew as in (4) to a value of 72 per cent. when in combination (5), 
This increase is mainly brought about by the fact that whereas, 
at given values of V and n, the thrust is increased by about the 
same percentage as in combination (3), the increase in torque is 
very much smaller; this will be clearly seen from a comparison 
of the curves of Figs. 6 and 8. 


The resistance of the “faired” body at a wind speed of 
40 feet per sec. was found to be 0-0626 lbs. With this body a 


small “‘ scale-speed ”’ effect was observed which almost disappeared 
at a wind speed of 40 ft. per sec. 
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Values of R/R,, where R is the resistance of the body when 
in the slip stream of the airscrew, and R, is the resistance of the 
body as unaffected by the airscrew, for various values of V /nD, 
are given in Table 6. | 


¢ 


The resistance of the “unfaired’’ body at a wind speed of 
40 ft. per sec. was found to be 0-113 lbs.; values of R/R, for 
this body in combinations (3) and (5) are also given in Table 6 ; 
the figures given in this table are plotted in Fig. 9. 


Fig. 10 gives the values of R/R, for the three combinations 
(2), (3) and (5) plotted against corresponding values of the thrust 
coefficient T, (= T/oV"D?) for the airscrew as affected by the 
interference of the body; it will be seen that in all cases the 
values of R/R, lie approximately on straight lines, the slopes 
being different, however, with the different combinations. 


The curves of Figs. 9 and 10 are probably at first sight some- 
what misleading, since although for combination (2), ‘‘ faired ” 
body, the values of R /R, are higher than those for combination (3), 
“unfaired ’’ body, the actual values of both R, and R are higher 
for the “ unfaired ’’ body than for the “faired ”’ body, thus at a 
value of V/nD of about 0-67, the ratio 


resistance of “ faired ”’ body in slip | = 1-25 (approx.), 


(eee of “ unfaired ”’ body in slip stream 


and the ratio 


R,, for “ unfaired ” body 
ty) ce = 1-8 ay 
( R, for “ faired ”’ body ) 0 (approx.) 


With regard to the curve for combination (5) the low values of 
R//R, are due to the fact that the value of R, here taken is the 
relatively high resistance of the “unfaired’”’ body, whilst the 
values of R are low because the body is shielded by the faired 
nose-piece attached to the airscrew. At a value of V/nD of 0-67, 
the value of the ratio 


resistance of “ unfaired ” body in slip stream, as in combina- 
tion (3) 
resistance of “‘ unfaired ”’ body in slip stream, shielded by 
faired nose-piece as in combination (5) 


is equal to about 3-1. 


As pointed out in R. & M.’Nos. 305 & 344, it is necessary in 
order to take account eompletely of the mutual interference of 
the airscrew and body, to treat these as a combination, the 
efficiency of which may be calculated firstly from non-interference 
experiments on the airscrew and on the body, and secondly from 
experiments involving mutual interference. 
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In the case of combination (2) the resistance of the body may 
be expressed in theform 0-0071oV?D? so that for the combination 
without interference, the thrust coefficient is 


, v. 
E ; — 0-0071 ey) 


and the efficiency of the combination is 


15-9 Ven\ ga] ate 
ae jt. = O:0071 =) | ‘ap ber cent. 


T’, and Q’, are the thrust and torque coefficients of the “ non- 
interference’ experiments. For the combination with mutual 
interference, the thrust coefficient is 


. RB/V\2 
jt’. — 0-0071 Fe (5 ) | 


and the efficiency of the combination is 


15:9 Vii\2 V 
Q’. lr’ — 0-0071 (a ; ea per cent. 


In this case T’, and Q’, are the thrust and torque coefficients of 
the “interference ’’ experiments. 


Similarly for combinations (3) and (5), since the resistance of 
the “unfaired”’ body is 0-01289V?D?, the thrust coefficient for 
the combination without interference is given by 


/ € Ve < 
jm. —0-0128 (55) | 


and the efficiency by 


: V\?2 V 
oO" fee — 00-0128 ea | : (ip) Pe cent. 


and for the combination with interference, the thrust coefficient 
of the combination 1s 


; Ug/ Va 
jm". 00128 (3) | 


and the efficiency 


15-9 Ri faViey? Me 
Go ean eae 


The results of these calculations are given in Table 7 and are 
shown graphically in Figs. 11 and 12. A comparison of the results 
for the three combinations (2), (3), and (5), with mutual inter- 
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ference, is given in Fig. 13. From Figs. 11 and 12 it will be seen 
that with 


Combination (2).—The values of the efficiency obtained when 
interference is neglected are very. nearly the same (for corre- 
sponding values of T’, for the combination) as those obtained by 
taking into account the mutual interference. 


Combination (3).—The efficiencies as calculated by the two 
methods are nearly equal, for corresponding values of 'T’, up to 
a value of T’, = 0-03; for higher values of T’,, however, taking 
account of mutual interference gives an efficiency about 3 per 
cent. higher than that obtained by neglecting interference, 1.e., 
at T’, = 0-06, the efficiency is raised from 61-5 per cent. to 64:5 
per cent. 


Combination (5).—The values of the efficiency calculated from 
the experiments involving mutual interference are uniformly 
higher than those obtained by neglecting interference, by amounts 
varying from about 14 per cent. at T’, = 0-025 to about 4 per 
cent. at T’, = 0:08. 


From an examination of the efficiency curves of Tig. 13 it 
will be seen that there is no advantage in the use of the “ faired ” 
body, as in combination (2), as compared with the “ unfaired ”’ 
body as in combination (3); actually the “faired” body, com- 
bination (2), shows a small disadvantage at the higher values of 
T’,. With combination (5) in which the nose-piece is attached 
to the airscrew, as compared with either combination (2) or (3), 
it will be seen that there is an appreciable gain of efficiency over 
the whole of the working range of T’,, e.g., at a value of T’, = 0-03, 
the efficiency is raised from 55 per cent. to 67 per cent., whilst at 
a value of 'T’, = 0-08 the efficiency is raised from values of 61 per 
cent. and 62 per cent. respectively, to 64 per cent. 


To complete the analysis of the results obtained from the 
calculations, both with and without mutual interferences, some 
reference should be made to the torque of the combination. 
Accordingly, the curves of Figs. 14 and 15 have been drawn, 
which give the relationships between T’,, Q’,, and (V/nD), so 
supplying the additional data necessary for the complete com- 
parison of the several combinations of airscrew and body. 


Conclusions.—The conclusions to be drawn from the investi- 
gation may now be briefly summarised. With the particular 
bodies and airscrew of the present experiments the best combina- 
tion is that in which the airscrew, having attached to it the faired 
nose-piece, rotates in front of the “unfaired”’ body. Further, 
it would appear that no appreciable advantage is to be expected 
by fairing the nose of a body behind an airscrew. At this stage 
of the investigation it is thought to be unwise to generalise unduly, 
but it would seem that where possible, fairing the nose of the 
body by the use of a nose-piece attached to and rotating with 
the airscrew, is to be recommended. 
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TABLE 1. 


AIRSCREW FOR R.E.7. 
(R.A.F. Drawing No. T.5014.) 


Diameter of model airscrew, 1-53 ft. 
Scale of model airscrew = 2th full size. 
V in feet per second. 
nm in revolutions per second. 
D diameter in feet. 


Thrust coefficient T’, = =e (T = Thrust in lbs.). 
Airscrew without Airserew with interference | Airscrew with interference 
interference. of “ faired ’’ body. of “ unfaired ”’ body. 
Value of te Value of T’.. | Value of se Value of T’.. | Value of — | Value of T’.. 

0-376 0 -0900 0-381 0-0922 0-382 0 -0923 
0-398 0 - 0860 0-402 0-0881 0-405 0) -0892 
0-423 0-0810 0-430 0-0839 0-432 0-0845 
0-456 | 0-0751 0-463 0-0779 0-465 ()-0784 
0-494 0 - 0690 0-495 0-0720 0-494 0.-0720 
0-523 0) - 0620 0-543 0 -0627 0-535 0-0651 
0-534 0 -0606 0-556 0 -0597 0-540 0) -0649 
0-554 0 -0562 0-563 0-0579 0-559 0-0601 
0-578 0-0510 0-596 0 -0504 0-583 0 -0552 
0-606 0-0448 0-636 0-041] 0-610 00-0491 
0-624 0-0403 0-647 0 -0384 0-639 0-0415 
0-639 0-0375 0-660 0:0351 0-652 0-0391 
0 +652 0-0342 0-682 0:-0297 0-655 0 -0346 
0-673 0-0289 0-705 0 -0233 0-690 0 -0302 
0-693 0-0225 0-721 0-0184 0-716 0-024] 
0-711 0:0179 OF 29 0:-0187 0-732 0-0190 
0-728 0:0128 0-742 0-0134 7 ae 0-0136 
0-745 0-0072 0-758 ) 0:0074 0-770 0 -0076 
0-769 0-0009 0-762 | 0-0075 0-793; 11 110-0010 
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TABLE 2. 


AIRSCREW FOR R.E.7. 
(R.A.F. Drawing No. T.5014.) 


Diameter of model airscrew = 1:53 ft. 
Scale of model airscrew = {th full size. 


V in feet per second. 
nm in revolutions per second. 
D diameter in feet. 


Torque coefficient = Q’, = Q (Q = Torque in lbs.-ft.) 


en? D> 
Airscrew without Airscrew with interference | Airscrew with interference 
interference. of ‘‘ faired ’’ body. of ‘“‘ unfaired ”’ body. 
Value of ae Value of Q’.. | Value of in : | Value of Q’ | Value of se f | Value of Q’. 
nD’ ‘e nD | * nD | = 
0-342 0-00938 
0-363 0-00920 | 
0-383 0:00913 0-361 | 0-00926 | 0-389 0 - 00922 
0-385 0 -00920 0-386 0 - 00922 0-414 0-00908 
0-447 0: 00882 0-417 0:00923 | 0-447 0 -00879 
0-486 0-00835 0-450 0:00898 | 0-451 0-00896 
0-508 0-00816 0-49] 0-00858 | 0-495 0: 00864 
0-512 0:-00825 0-515 0-00830 0-511 0-00829 
0-532 0:00788 0-526 0:-00828 | 0-515 0-00828 
0-542 0-00778 0-551 0:00804 | 0-538 0-00796 
0-589 0-00694 0-574 0:00758 | 0-552 0 -00804 
0-619 0 - 00600 0-605 6-00715 | 0-605 0-00716 
0-629 0-00619 0-620 0:00678 | 0-620 0-00683 
0-661 0-00512 0-643 0:00628 | 0-644 0 - 00640 
0:672 0-00495 0-680 0-00543 | 0-674 0-00590 
0:725 0 -00330 0-721 0:-00443 | 0-695 0 -00540 
0-752 0-00230 0-739 0-00420 | 0-723 0-00458 
0-769 0-00244 0-785 0-00251 | 0-763 0 -00367 
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TABLE 38. 


AIRSCREW FOR R.E.7. 


(R.A.F. Drawing No. T.5014.) 


Diameter of model airscrew = 1:53 ft. 


Scale of model airscrew = ?th full size. 


Airscrew without 


V in feet per second. 

m in revolutions per second. 
D diameter in feet. 

Values of efficiency (7). 


Airscrew with interference Airscrew with interference 


interference. of ‘‘ faired ”’ body. of ‘‘ unfaired ”’ body. 
Vv f Vv Value of Vv 
GROOT an pee see | Uae Ost | ede Hea Mies ss nD’ antes 

0-37 on 0-37 | 59:2 037-17 | 60:1 
0-40 59e7 | 0:40 | 61:7 0:40 62-4 
0-44 62-0 | 0-44 63-8 0-44 | 64-9 
0:48 6339 |. w f0e48 65°3 0:48 66-9 
0:52 65:1 | 0°52 66-5 0-52 68:3 
0:56 G5*+7% | =20P56 66-6 0:56 68-9 
0-60 65-9 : 0-60 66-0 0-60 68-7 
0-64 65:0 | 0:64 64-5 0-64 66-8 
0-68 61:0 | 0-68 ft 60-1 0-68 62-8 
0-72 49-6 | 0-72 49-6 0-72 53:4 
0-76 17-4.> |) O76 26-6 0-76 34-2 
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TABLE 4. 


AIRSCREW FOR B&.E.7. 
(R.A.F. Drawing No. T.5014.) 


Airscrew with faired nose-piece attached, with and without inter- 
ference of “unfaired’”’ body. (See Figs. 3 and 4.) 
Diameter of model airscrew = 1:53 ft. 
Scale of model airscrew = 3th full size. 


V in feet per second. 
nm in revolutions per second. 
D diameter in feet. 


= 


; At Q 
Thrust coefficient T’, = onD* Torque coefficient Q’, = on®D®" 
Value of Thrust Value of Torque Value of efficiency 7 
coefficient T’.. coefficient Q’:. (pereentage). 
YORS of | 
nD. Without | With | Without | With | Without — With 
interference | interference | interference interference | interference | interference 
of body. of body. of body. | of body. of body. | of body. 
0:37 0 -0906 0:0948 | 0:00925 | 0-00921 Oia 60-5 
0-40 0-0855 0:0897 | 0:00910 | 0-00908 29+] 62-8 
0-44 0-0785 0-0829 | 0-00886 | 0-00889 62-0 65:3 
0-48 0:-0711 0:0759 | 0:00850 | 0-00859 63-9 67:5 
0:52 0 -0633 0-0685 | 0:00805 | 0-:00820 65-1 69-2 
0-56 0-0550 0-0604 | 0:00747 | 0-00767 65-7 Five D 
0-60 0 -0462 0-0518 | 0:00670 | 0-00696 65: Ob ena 
0-64 0-0368 0-0428 | 0:00577 | 0-00606 65-0 71°5 
0-68 0 -0263 0-0328 | 0:00467 | 0-00502 Ol. 0 ga sO 78 
0-72 0-0150 0-0217 | 0:00347 | 0-00381 49 76% | mmo 94 
0-74 0-0091 0-0158 | 0:00285 | 0-00322 37°5 | 58:0 


TABLE 5. 


Resistance of “ faired ’’ body at a wind speed of 40 feet per second 
= 00-0626 lbs. 


Resistance of ‘“ unfaired’’’ body at a wind speed of 40 feet per 
- second = 0-113 lbs. 
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TABLE 6. 


INTERFERENCE OF AIRSCREW ON ‘“‘ FatrED’’ BoDY AND ON 
THE ‘“‘ UNFAIRED’’ Bopy, AND INTERFERENCE ON THE 
‘¢UNFAIRED’”’ Bopy oF AIRSCREW WITH FAIRED NOSE-PIECE 


ATTACHED. 
Scale of model airscrew = ith full size. 
” ” ”? body = 4th 9 2 
R, = Resistance coefficient of body without interference of air- 
screw. 
R = Resistance coefficient of body with interference of airscrew. 
Airscrew and “ faired ” Airscrew and “ unfaired ” Airscrew with faired 
body. body. Laer aa itera and 
Combination (2). Combination (3). re eet a 
V V V | 
nD Value of ie nD Value of at rH nD | Value of oe 
for airscrew. ° | for airscrew. ° | for airscrew. | if 
—_ = = | — _—— ae ooo 
0-378 3-040 0-375 1-960 | 0-380 1-356 
0-404 2-650 0-396 1-767 | 0-397 1-206 
0-427 2°410 0-417 1-590 | 0-404 1-133 
0-472 1-940 0-450 1-430 0-425 1-000 
0-476 1-870 0-472 1-300 | 0-459 0-792 
0-509 1-672 0-508 1-160 | 0-489 0-658 
0-518 1-615 0-532 1-072 | 0-530 0-525 
rated: 1-585 0-562 1-002 | 0-540 0-492 
0-538 1-505 0-570 0-935 0-557 0-440 
0-542 1-505 0-603 Oe So «gO er 0-400 
0-572 1-360 0-612 0-866 0-621 0-301 
0-597 1-230 0-643 0-800 | 0-668 0-243 
0-634 1-135 0-670 | 0:752 0-690 0-208 
0-652 1-080 0:696 | 0-723 0-710 0-183 
0-668 1-022 0-708 | 0-705 0-750 0-140 
0-722 0-905 0-746 | 0-660 0-788 0-099 
0-750 0-852. 0-786 0-619 0-840 0:071 
0-816 0-776 - 0-816 0-600 
0-828 0-740 
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TABLE 7. 


A COMPARISON OF THE HEFFICIENCY OF THE COMBINATION OF 
THE AIRSCREW AND Bopy AS CALCULATED FROM EXPERIMENTS 
INVOLVING MutuaL INTERFERENCE WITH THAT CALCULATED 


FROM EXPERIMENTS WITHOUT INTERFERENCE 
FOLLOWING COMBINATIONS (see Fig. 4) :— 


(2) Airscrew and “ faired ” body. 
(3) Airscrew and “ unfaired ”’ body. 


(5) Airscrew with faired nose-piece attached and “ unfaired ” 


FOR THE 


body. 
“WITH MuTUAL INTERFERENCE, 
Airserew with faired 
Airscrew and Airscrew and nose-piece attached 
‘‘ faired ” body. ‘‘unfaired *? body. and ‘ unfaired ” 
Combination (2). Combination (3). body. 
Watiolnt Combination (5). 
¥ 
nD Value of | Value of | Value of | Value of | Value of Value of 
T’, for the | efficiency. | T’; for the | efficiency. | T’. for the | efficiency. 
combina- Per- combina- Per- combina- Per- 
tion. centage. tion. centage. tion. centage. 
0-37 0 -0909 57°3 O-OI1 Tt 58°06 0:0922 | 58-9 
0-40 0-0859 59:4 | 0:-0862 60-0 0-0873 | 61-2 
0-44 0-0790 61-5 0-0793 62-1 0-0807 63 +7 
0-48 0:0717 62-7 0:0718 63-5 0:0739 65:8 
0-52 0 -0639 63:3 0 -0642 64-5 0 -0666 67-3 
0-56 0-0555 63-2 0 -0560 64-3 0 -0587 - 68-0 
0-60 0 -0467 62-0 0-0475 | 63-0 0 -0502 68-8 
0-64 0-0372 59-4 0-0384 60-6 0:0411 69-0 
0-68 0 -0270 53°6 0-0286 54-3 0-0315 67°8 
0-72 0:0159 40-9 0-0177 42°6 0-0216 61-9 
WITHOUT INTERFERENCE. 
Q-37 0-0896 57-2 0-0888 56-6 0-0888 56°6 
0-40 0-0844 59-0 0-0835 58-6 0-0835 58-6 
0-44 0:0711 60-9 0 -0760 60-1 0 -0760 60-1 
0:48 0-0695 62-5 0 -0682 61-3 0 -0682 61:3 
0°52 0-0614 63-1 0:0599 61-5 0 -0599 61-5 
0-56 0-0528 63 -0 0-0510 60-8 | 0:0510 60-8 
0-60 0-0436 62-2 0-0415 Bo°Z 0-0415 59°2 
0-64 0 -0339 59-9 0-0316 55°8 0-0316 55:8 
0-68 0-0230. 93°3 0-0203 47-1 0:0203 47°] 
0-72 0-0113 37:3 0 -0083 27°4 0:0083 27:4 
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WINDAGE EXPERIMENTS WITH A MODEL OF THE 
ROTARY ENGINE B.R. 1. 


By A. Faas, A.R.C.Se., and H. BE. Cottrys. 


Reports and Memoranda, No. 448. May, 1918. 


SumMARY.—(a) Introductory. (Reasons for inquivy.)—The present 
experiments were made at the request of the Technical Department of 
the Air Ministry to obtain data from which to calculate the windage losses 
in flight of the B.R. 1 engine mounted on the Sopwith “ Camel.” 

The dependence of the windage horsepower on the area of the circular 
opening at the front of the cowling at the ordinary conditions of flight 
was also investigated. 

_ Finally, the model engine was tested under conditions similar to those 
of the test-bed experiments at the Royal Aircraft Establishment: 

(b) Range of tnvestigation—The experiments were made in No. 1 7-ft. 
channel, the scale of the models—engine, cowling, airscrew, and body— 
being one-third. The method of measuring the windage torque is given 
in detail in Report T. 1153. Experiments were made with the engine 
rotating (1) ina uniform wind, (2) in no wind, with and without the airscrew 
rotating, (3) in a uniform wind, with and without the airscrew rotating. 
In all three cases the windages were measured both with and without 
cowling, with the engine mounted in front of the body. The variation of 
the windage torque with the area of the circular opening at the front of 
the cowling was investigated over the working range of (V /n) where “ V ”’ 
is the forward speed of the machine and “‘n”’ the rotational speed of the 
engine or airscrew. Finally, experiments were made with the engine model 
under conditions similar to those of the test-bed seams bei: at the Royal 
Aircraft Establishment. 


(c) Conclusions.—It was found that the cowling reduces the windage 
torque of the engine, both with and without the airscrew rotating, the 
windage with the cowling being about 67 per cent. of the value without 
the cowling. -At any forward speed the windage of the engine, both with, 
and without the cowling, is reduced when the airscrew is mounted on the 
engine shaft. The windage losses when climbing and for maximum hori- 
zontal flight speed of the machine are 15-4 H.P. and 24:5 H.P. respectively 
at ground level, and are greater by about 12 per cent. and 37°5 per cent. 
than the values calculated from experiments in which the forward speed 
is zero. 

The interference of the wings on the windage torque of the engine is. 
practically negligible. Small changes of the circumferential shape of the 
cowling affects only slightly the windage torque. If the translational and 
the rotational speeds are constant, the windage losses increase fairly 
rapidly with the area of the circular opening at the front of the cowling: 
up to a diameter of about 16 ins., above which the losses are not greatly 
affected by the area of this opening. By a suitable adjustment of the. 
area of the circular opening it is possible to maintain the windage losses— 
and also the cooling—constant at all flying speeds. The windage losses, 
forward speed being zero, are reduced about 50 per cent. by closing the- 
openings at the circumference and at the back of the cowling. The inter- 
terence of the testing tunnel of the R.A.F. on the windage losses is small, 
when the engine is tested without any wind blast. 

{ad} Apddlications and further develobments——Experiments of a similar- 
nature are to be made with a model of the B.R. 2 engine mounted in front- 
of a model of the Sopwith ‘ Snipe.”’ 
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At the present time the windage losses of a rotary. engine on: 
an aeroplane in flight are of uncertain magnitude, and accordingly 
the present experiments were made, at the request of the Technical 
Department of the Air Ministry, to measure the windage losses 
on a model of the B.R. 1 engine, mounted in front of a model of 
the Sopwith “Camel” body, when rotating under conditions 
similar to those of practice. An investigation was also made of 
the dependence of the windage horsepower on the areas of the 
circular opening at the front and the air ducts at the back of the 
cowling. Finally the model engine was tested in place in a model 
oi the engine testing tunnel of the Royal Aircraft Establishment. 

Descriptions of the models and of the method of measuring the 
windage torque.—Experiments were made in the No. 1 7-ft. channel 
on the B.R. 1 engine mounted in front of the Sopwith ‘‘ Camel ” 
body, the scale of the models being one-third full size. The 
engine has nine cylinders, each of bore 120 mms., an overall 
diameter of 42 ins., and develops 150 H.P. at 1,250 rp.m. A 
photograph of the model engine, which was made at the Royal 
Aircrait Establishment, is given in Fig. 6. The model was made 
almost entirely of wood. To take the high centrifugal loading 
each cylinder head was made of aluminium attached by a long 
steel bolt passing through the centre of the cylinder to a steel 
ring in the crankcase. All the experiments were made with the 
engine mounted in front of the Sopwith “Camel ”’ body. A sketch 
of the model body which has air ducts at the bottom and at the 
sides is given in Hig. 2. A modified form of the body with air 
ducts at the sides of triangular shape, as shown in Fig. 2a, was. 
used in some of the experiments. The model body was fitted 
with detachable wings. A sketch of the two-bladed airscrew, 
Drg. No. A.D. 644, mounted on the Camel machine is given in 
Fig. 1. It will be seen that the airscrew has a diameter of 
2,590 mms. and also that the blade angles vary from 20° at the 
tip to 46° 40’ at the boss. The shape of the model cowling used 
in the experiments is shown by the sketches of Fig. 3. A large 
part of the undersurface at the back of the cowling was cut away. 
To allow sufficient clearance between the valve rocker supports 
at the head of each cylinder the cowling had a slight “ bulge ”’ at 
the circumference. The diameter of the circular hole at the front. 
of the model cowling was 9-65 ins., the diameter at the back where 
the attachment to the body was made being 11,5, ins. A second. 
cowling of slightly different shape, of which a sketch is given in 
Fig. 4, was used in a preliminary experiment. Experiments were 
also made to find the interference effect on the windage measure- 
ments of a model of the R.A.F. engine testing tunnel. A sketch 
of this model which was made of tin plate is given in Fig. 5, from 
which it will be seen that the overall length is 25-75 ins. and the 
diameters at the inlet and outlet 18-33 ins. and 12 ins. respectively. 

It is not proposed to give a detailed description in the present. 
report of the method of measuring the windage torque of the 
engine. This method is of general applicability, and accordingly, 


378 


to facilitate future reference, a full description of the apparatus 
and of the method of measurement are given in a separate report, 
'T. 1153, to which reference should be made in the present instance. 
It should perhaps be mentioned that the electric motor driving 
the model engine was completely encased in the model body, and 
was supported in such a manner as to allow a slight rocking motion 
about an axis parallel to the centre line of the channel. A spindle 
attached to the cradle carrying the electric motor was connected 
by a strut and ““C” spring to the top of the channel balance, 
with which the measurements of the windage torque were made. 
The airscrew was mounted in front of the model engine on a 
separate shait, which was driven independently from a second 
electric motor mounted on the top of the channel. The rotational 
speed of the airscrew was kept constant by a frequency meter 
working from the airscrew shaft. 


(xperiments were made with the engine rotating (4) in a 
uniform wind, (0) in no wind with and without the airscrew, 
(c) in a uniform wind with the airscrew rotating, the values of 
(V /n) being similar to those of flight, where “ V ” is the forward 
speed of the machine and “ 7 ”’ the rotational speed of the airscrew 
or engine. In all cases the engine was mounted in front of the 
body, and the experiments were made with and without the 
engine cowling. 

The variations of the windage torque with change in the area 
of the openings at the front and at the back of the cowling, and 
in the circumferential shape, were also investigated. Finally, the 
interference on the windage torque of a model of the engine testing 
tunnel of the R.A.E.—with no wind blast—was measured. The 
data of the tables at the end of the report are for the full-sized 
engine. The windage torque, Q in lbs. /ft., may be calculated 


directly from the coefficient (Q /on?) where o is the mass density. 


of the air in slugs per cubic foot, and is equal to 0-00237 at normal 
temperature and pressure, and n the rotational speed is expressed 
in revolutions per second. With the values of (V /n) of the report 
the forward speed V of the machine should be measured in feet 
per second. 


Discussion of the results of the experiments.—The data calculated 
from the experiments made with the engine both with and 
without the cowling, (1) when rotating in a uniform wind without 
the airscrew, (2) when in a wind, rotating at the same speed but. 
detached from the airscrew, and (3) when detached from and 
rotating at the same speed as the airscrew without any wind in 
the channel, are given in Tables 1 and 2 and shown graphically 
in Fig. 7. 

From a comparison of the curves of Fig. 7 it will be seen that 
the windage torque of the engine with the cowling, both with the 
airscrew running and with no airscrew mounted, is about 67 per 
cont. oi that without the cowling. Also at any forward speed of 


the machine there is a blocking-up effect due to the airscrew—_ 
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that is, the windage torque, both with and without the cowling 
is reduced when the airscrew is rotating in front of the engine. 
The airscrew has, however, only a small blocking-up effect when 
the forward speed of the machine is zero. The most important 
curve oi Fig. 7 is perhaps No. 4, which shows how the windage 
torque of the engine varies with the forward speed of the aeroplane 
and the rotational speed of the airscrew and engine. The data of 
Table 5 give the windage horsepower of the engine, with and. 
without cowling, when the machine is held stationary on the 
ground, when climbing and at maximum horizontal flight speed. 
It will be seen that the windage horsepower of the engine at 
ground level at maximum horizontal flight—the value of (V /n) 
is taken, to be 8-45, that is, when V = 120 miles per hour and n =: 
1,250 r.p.m.—and at climbing where (V/n) = 5-35 (V = 70 miles / 
hour and » = 1,150 r.p.m.) are 24-5 and 15-4 respectively. The 
windage losses at these rotational speeds, calculated from experi- 
ments in which no airscrew was mounted and in which the forward 
speed of the machine was zero, are 17-8 and 13-8 H.P. respectively. 


It follows, then, that the windage losses of the engine at the 
maximum horizontal flight and at the climbing conditions of the 
machine are 37-5 per cent. and 12 per cent. greater than would 
be calculated from the ordinary test-bed experiments, with no 
wind blast. 


The curves of Fig. 8 were plotted from the data of columns 
4-7 of Tables 1 and 2, and show the variation of the windage 
torque (Q/on?) with (V/n) with the following arrangements of 
cowling and models. With these experiments the airscrew was 
not mounted in front of the engine. 


Arrangement 1.—With cowling, wings and air ducts at the rear 
of cowling as in practice. 


Arrangement 2.—With cowling and air ducts at the rear of 
cowling as in practice, but no wings mounted. 


Arrangement 3.—With cowling and no wings as in the previous 
arrangement, but with additional triangular side openings in body 
as shown in Fig. 2a. 


Arrangement 4.—Body with triangular side openings and no 
wings, but with the cowling, of which a sketch is given in Vig. 4. 
These are the only experiments in which this cowling was used. 


Comparing the windage curves of arrangements (1) and (2) 
it will be seen that the interference of the wings on the windage 
torque of the engine is practically negligible. Also the additional 
triangular openings at the bottom of the sides of the body reduce 
the windage torque on an average by 2 per cent. over the range 
of (V/n). Lastly, from the results of the experiments with the 
arrangements (3) and (4) it will be seen that tho windage of the 
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engine in the cowling of Fig. 4 is about 3 per cent. less than with 
the cowling of Fig. 3 which was used in all the other experiments, 
and which has a slightly different shape at the circumference. 


A series of experiments was made to measure the dependence 
of the windage losses on the area of the circular opening at the 
front of the cowling. The areas of the circular openings of the 
model were such as to correspond with diameters of 29-0 ins., 
22-2 ins., 18-0 ins., 12-0 ins., 9-0 ins. and 5-7 ins. on the full-sized 
cowling. The openings at the back of the cowling and in the 
body were the same as in practice and the measurements were 
made with the airscrew rotating at the same speed as the 
engine. The results of these experiments are collected in 
Table 3. In Fig. 9 the values of (Q/on?) are plotted against the 
corresponding values of (V/n). The data of Table 6, which were 
calculated from the curves of Fig. 9, show how the windage horse- 
power varies with the area of the circular opening at the front of 
the cowling, at the maximum horizontal flight at climbing, and 
at zero forward speed of the machine. The calculations were 
made for air density at ground level. The curves of Fig. 10 have 
been plotted from the data of Table 6. From Fig. 9 it will be 
seen that with circular openings of diameter 5-65 ins. and 9 ins, 
the windage torque is practically independent of the forward speed 
of the machine. In the latter case the opening is almost completely 
covered by the airscrew boss. 


At constant values of V and n the windage horsepower varies 
appreciably with the area of the circular opening at the front of 
the cowling up to a diameter of about 16 ins., but with openings 
of greater diameter the windage horsepower tends to become 
constant (see Fig. 10). It would seem, then, that there is a certain 
area of the circular opening which admits just the volume of 
air which can be conveniently dealt with by the engine. The 
quantity of air flowing through the circular opening appears to 
be limited with a small diameter to the area of the opening, but 
with a larger diameter to the “ drawing in ”’ capacity of the engine. 
With the present arrangement of engine and cowling it would 
seem that the cooling of the engine will not be greatly increased 
with any increase of the diameter from about 16 ins., if it be 
assumed that there is a definite connection between the cooling 
and windage losses of a rotary engine. Assuming the present 
engine can be efficiently cooled when the windage losses are 
14 H.P. then the areas of the circular openings at maximum 
horizontal flight and at climbing would need to be 62 and 200 
sq. ins. respectively. 


The windage of the engine was measured under conditions 
similar to those of the test-bed experiments at the R.A.E. The 
results of these experiments are given in Table 4, from which it 
will be seen that when V = 0 the windage losses are reduced 50 per 
cent. if the openings in the circumference and at the back of the 
cowling are covered in so that the only opening is the circular 
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hole of diameter 29 ins. at the front. With the additional inter- 
ference due to the testing tunnel of the R.A.E. the windage losses 
are increased by about 3 per cent. 


Summary of the conclusions of the investigations.—(a) The 
cowling reduces the windage torque of the engine. With the 
B.R. 1 engine the windage with the cowling is about 67 per cent. 
of the value without the cowling, both with and without the 
air-screw rotating. 


(b) At any forward speed there is a blocking-up effect due to 
the rotating airscrew. 


(c) At any rotational speed, the windage losses increase with 
an increase of the forward speed of the machine. With the engine 
of the present experiments the windage losses at maximum 
horizontal flight and at climbing are greater by about 37-5 per 
cent. and 12 per cent. respectively than the values calculated 
from experiments in which the forward speed is zero. 


(d) The interference of the wings on the windage torque of 
the engine is practically negligible. 

(e) The circumferential shape of the cowling does not greatly 
affect the windage torque. 


(f) Keeping the values of the forward speed of the machine 
and rotational speed of engine and airscrew constant, there 
appears to be a certain area of the circular hole at the front of 
the cowling, below which the windage losses are dependent on 
the area of the circular opening, but above which the losses remain 
fairly constant, and depend on the “ drawing-in ”’ capacity of the 
engine. 

(9) By varying the area of the circular opening at the front 
of the cowling the windage losses can be maintained constant at 
all speeds of flight. 


(h) If the forward speed be zero, closing the openings at the 
circumference and at the back of the cowling so that the only 
opening is the circular hole at the front reduces the windage 
losses by about 50 per cent. 


(1) The interference of the testing tunnel at the R.A.E. on 


the windage losses is very small when the engine is tested without 
any wind. blast. 
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TABLE 4. 


EXPERIMENTS WITH A MODEL OF THE ENGINE 
TESTING TUNNEL OF THE R.A.E. 


Tunnel mounted in place in front of the B.R. 1 engine. 


n = rotational speed of engine in revolutions per second. 
Q = windage torque of engine in lbs. /ft. 

09 = mass density of air in slugs per cubic foot. 

( 


= 0:00237 at a temperature of 15°-6 C. and a pressure of 
760 mms.) 


V=0. No airscrew. | 


The data of the table are for the full-sized engine. 


| _ Horsepower at ground level. 


Value of Qyenuer a | 
| n = 1,150r.p.m.|n = 1,250 r.p.m. 
| 


(a) Without testing tunnel. 709 13-5 17-4 
Cowling as in practice with | | | 
air ducts at the rear and at | 
the bottom of the cowling. | 


(6) Without testing tunnel. 31°+5 | 6-0 | 7°8 
Cowling completely enclos- | 
ing the engine with the 
exception of the opening at | 
the front of diameter 29 ins. | 
No hole in the periphery of | | 
the cowling and blocked up | 
at the back. | 


(c) With testing tunnel, but | 32:5 | 8-2 8-0 
otherwise as in (b) above. | 
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TABLE 5. 


body. 


running. 


CALCULATIONS OF WINDAGE HORSEPOWER AT 
GROUND LEVEL FOR VARIOUS CONDITIONS OF 
FLIGHT. 

Engine mounted in front of “ Camel” body. 
Eanes | ; 7 : ce Ter 
Forward speed V of Climbing. Flight. 
machine zero. : ab 
| V = 70 miles | V = 120 miles 
per hour. per hour. 
m=1j150 | n= 1,250 » = 1,150 r.p.m.)n = 1,250 r.p.m,. 
r.p.m. LePsED. V V 
(~) = 5:35. | (—) = 8-45. 

Engine with no cowl- 19-55 Fae 28-1 44-§ 

ing. Without air- 
screw. No wings on 
Engine with no cowl- 18-95 24-4 23-4 38°38 
ing. With airscrew 
With 
wings on body. 
Engine with cowling. 13-8 17-8 18-1 31-6 
Without airscrew. 
With wings on body. 
13-1 16-9 15-4 24° 


Engine with cowling. 
With airscrew run- 
ning. With wings 
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TABLE: 6: 


VARIATION OF THE WINDAGE HORSEPOWER WITH 
THE AREA OF THE CIRCULAR OPENING AT THE 
FRONT OF THE COWLING. 


Calculations made for the full-sized engine at the ground 
level. 


Engine mounted in front of “ Camel ”’ body. 


Airscrew mounted in front of and rotating at the same 
. Speed as the engine. 


Maximum 


Forward speed zero. Climbing. horizontal 
Diameter of — Area of } ; aia 
ircular ircul 
rates eos Rotational Rotational Mere ah B pene th 
net ‘t50 n P50 | Ree gihe yes 
Ins. Sq. ins. | See a eee scaly yar 
| : 
"aera 660 13-1 16-9 15-4 24°5 
22-2 0 aerate al 16-9 14-7 21-6 
18-0 255 13-1 16-9 14-4 20-7 
12-0 113 | LE<9 15:2 12-1 16:7 
9-0 63°5 | 10:6 13-6 10:8 14-0 
5°7 25-2 | 9.9 12+7 10:1 13:1 
| 
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DEPENDENCE OF THE EFFICIENCY OF AN AIRSCREW 
ON THE SPEED OF ROTATION AND THE 
DIAMETER, WITH A DIRECT REFERENCE TO 
THE QUESTION OF ENGINE GEARING. 


By A. Faeer, A.R.C.Sc., and H. E. Coxurys. 


Reports and Memoranda, No. 442. May, 1918. 


SUMMARY.—(a) Inivoductory (Reasons for inquiry).—The question of the 
advisability of employing reduction gearing is now of some importance, in 
view of the development of the engine of large horse-power. From the 
point of view of engine design, gearing is not desired. On the other hand, 
the efficiency of an airscrew, driven directly from the engine, may be greatly 
reduced. The subject has been considered theoretically by Mr. Bairstow 
in Report I.C.E. 199. The present investigation—made at the request of 
the Technical Department of the Air Ministry—shows how the ratio of 
the reduction gearing modifies the design and the performance of an 
airscrew when mounted on an engine which was assumed to develop 300 
horse-power at 1,800 r.p.m. at an altitude of 10,000 ft., the forward. speed 
of the machine being 125 miles per hour. 

(b) Range of wnvestigation—The airscrews were designed on the basis 
of the theory of R. & M. 328. Account is therefore taken of the velocity 
of the inflowing air as affecting both the pitch angle and the efficiency. 
Eight airscrews were designed, four of diameter 9 ft. and four of diameter 
10 ft., the ratios of reduction gearing ranging from 1 to 2. The airscrews 
were of equal strength. The tip speed in the case of the fast running 
airscrew was limited to 850 ft. per second. 

(c) Conclusions.—It was found that an airscrew mounted directly on 
the engine of 1,800 r.p.m. should have only two blades. With a four-bladed 
airscrew at this speed the blades will be long and narrow and working at 
a small angle of incidence. On the other hand, even with a four-bladed 
airscrew, the blades will be wide and will be working at a large angle of 
incidence if the rotational speed be lower than 900 r.p.m. The larger the 
diameter of the airscrew, the smaller the reduction of the efficiency due 
to the velocity of the inflowing air. For purposes of comparison, the 
ordinary performance curves of the airscrews may be misleading. Accord- 
ingly, the performances of the several combinations of engine and airscrew 
were compared. It was assumed that the torque of the engine had a 
constant value over the working range of the rotational speed ana that 
the engine developed 300 horse-power at 1,800 rpp.m. Also that the 
efficiency of the reduction gearing was 97 per cent. It was found that at 
torward speeds of 125 m.p.h. and 75 m.p.h. the thrusts of the best geared. 
airscrew were 10 lbs. and 22 lbs. greater than those of the ungeared airscrew. 
Applying these results to the calculation of the performance of a machine, 
it was found that if the weight of the gearing, &c., be taken as 50 lbs. 
and the efficiency of gearing 97 per cent., the climb at 75 m.p.h. will be 
2 per cent. faster with the geared engine, the performances at the maximum. 
horizontal flight speed of 125 m.p.h. being equal. It would seem, then, 
that reduction gearing is not necessary with this particular engine if the 
maximum diameter be limited to 10 ft. 

(d) Application and further developmenis.—It is considered that a more 
important investigation, which anticipates the future development of both. 
engine and aeroplane, would be the case of the large bombing machine, 
in which each engine is assumed to develop 600 h.p. at 1,600 r.p.m. at an 
altitude of 10,000 ft., the speed of the machine being 100 m.p.h. This case: 
is under investigation. 
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With the development of the engine of large horse-power the 
question of engine gearing, as affecting the overall performance 
of an aeroplane, is of some importance. The subject has been 
considered theoretically by Mr. Bairstow in Report I.C.E. 199, 
in which it is shown how the efficiency of an airscrew depends on 
the speed of the aeroplane, on the revolutional speed of the 
airscrew, and on the horse-power of the engine. The present 
investigation, which is of a somewhat limited character, snows 
how the ratio of the reduction gearing modifies the design and 
the performance of an airscrew when mounted on an engine 
which was assumed to develop 300 h.p. at 1,800 r.p.m. at an 
altitude of 10,000 ft., the forward speed of the machine—oi the 
scout class—being 125 miles per hour. A second particular case, 
which probably anticipates somewhat the future development of 
both engine and aeroplane, is now under consideration at the 
National Physical Laboratory, namely, that of the large bombing 
machine in which each engine is assumed to develop 600 h.p. at 
1,600 r.p.m. at an altitude of 10,000 ft., the speed of the machine 
being 100 miles per hour. The latter investigation is probably 
the more important, but in view of the fact that the subject of 
engine gearing is now under immediate consideration, it is thought 
not desirable to withhold the first part of the investigation until 
the completion of the second. 


The method of airscrew design.—The airscrews were designed 
on the basis of the theory of R. & M. 328, in which an attempt is 
made to bring the aerofoil and momentum theories into close 
agreement. Account is therefore taken of the velocity of the 
inflowing air—which is directly due to the working of the airscrew. 
This inflowing velocity modifies both the pitch angle and the 
efficiency of the airscrew and is therefore of importance in the 
design. In view of the large number of variables involved when 
designing an airscrew, the final characteristics will depend, more 
or less, on the experience and bias of the designer. When, however, 
each airscrew of a series is designed to absorb the same horse-power 
at the same forward speed the “ personal ”’ factor, if consistent, 
is negligible, in so far as comparative results are concerned. 
In order that the present report may not be overburdened, the 
details of each design are not given. It should, however, be 
mentioned that an endeavour was made to maintain a constant. 
standard of consistency by adjusting the variables so as to obtain 
the best airscrew for the given data of design. Asstated previously, 
each airscrew absorbs 300 h.p. at an altitude of 10,000 ft. and a 
forward specd of 125 miles per hour, the rotational speed depending 
on the ratio of the reduction gearing of the engine. 


The blades of each airscrew were constructed from the same 
two types of aerofoil shape. For any blade section the ratio of 
the maximum thickness to the chord or camber, denoted by o, 
will depend on the diameter of the airscrew and the load grading 
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curve, since each airscrew was designed for equal strength. The 
maximum stresses were approximately 1,500 Ibs. per sq. in. 
compressive, and 2,500 lbs. per sq. in. tensile. The corresponding 
ordinates of all blade sections of the same type are the same 
proportion of the maximum ordinate. The shapes of the two 
types of blade section are shown in Fig. 5, the first shape, which 
is used for the outer part of the blade having a flat undersurface, 
and the second shape of a convex undersurface is used at the boss 
of the airscrew. 


The curves of Figs. 1-4 give the aerodynamic data for the 
blade sections and show how the absolute lift coefficient L,, and 
the aerodynamic efficiency (L,/D,) vary with o, and with the 
angle of incidence, «. The same aerodynamic data are therefore 
used in the design of each airscrew. A correction was made for 
the resistance of the boss of which the diameter was taken to be 
jth of that of the airscrew. In view of the absence of any 
experimental data it was not possible to make any correction for 
the effect of compressibility at the tip of a blade. The maximum 
tip speed has been taken at 850 ft. /sec., and it is thought that 
at this speed the compressibility effect will probably be small. 
Also since the angle of incidence at the blade tip is small it is 
anticipated that there will not be any breakdown of the aero- 
dynamic flow. 


The efficiency of an airscrew may probably be slightly improved 
by lifting the tip of the blade forward relatively to the boss and 
sO balancing the bending moment due to the thrust by an opposite 
bending moment due to the centrifugal force. By so doing the 
blade may be made thinner and of a better aerodynamic shape 
for the same value of the maximum stress. In the present inves- 
tigation it was not thought necessary to adopt this method of 
improving the design, since only the comparative performances 
of the several airscrews are needed. ‘There is reason to believe 
that the pene as calculated in the present report—the 
method of R. & M. 328—approximate very closely with those 
which would be obtained in practice. 


Discussion of the airscrew performances.—Hight airscrews were 
-designed to be driven by the same engine—with and without 
gearing. ‘They may be conveniently divided into two series. 


(a) Airscrews §,, Sg, S;, and S,, of diameter 9 ft. Airscrew 
S,, which has two blades, is mounted directly on the 
engine. The remaining airscrews—S,, 8, and S,—of 
this series have four blades, the ratios of the gearing 
reduction—that is, the ratio of rotational speeds of 


engine and airscrew—being - Be ego and 72800 
1,800’ 1,400 1,000 


respectively. 
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(b) Four airscrews each of diameter 10 ft. The first. two 

airscrews, S; and S,, have two blades and gearing 
1,800 1,800 
1,600 1,200 
remaining two airscrews, S, and 8,, have four blades and 
1,800, 1,800 | a 
1,200 and —o5q respectively. 
In Table 1 are given the descriptive data and performance data 
of each airscrew. The relative proportions of the airscrew are 
shown clearly by the sketches of Fig. 5. 


reduction ratios of and respectively. The 


gearing reduction ratios 


The performance data of airscrews S,, 85, S,, S,, S, and Sx, 
are shown. graphically in Figs. 6, 7 and 8. It was found that the 
other two airscrews, 5S, and §;, were, from comparison, very 
inefficient, and accordingly their performances are not piotted. 
From the data of Table 1 it can be seen that the performance 
of the four-bladed airscrew 8, is very poor as compared with the 
two-bladed airscrew 8, of the same diameter and rotational speed, 
because with this diameter and high speed of rotation a four- 
bladed airscrew with blades of reasonable shape can only absorb 
300 h.p. when the angle of incidence of the blade is small. Airscrew 
S, may be regarded as the best airscrew of diameter 9 ft. for the 
ungeared engine. Airscrew 8, is the best airscrew of series (@), 
although a modification of its performance will be needed when 
gearing is taken into consideration. Unfortunately the efficiency 
of airscrew 8, falls somewhat rapidly at climbing because to absorb 
the given horse-power at the rotational speed of 1,000 r.p.m. 
the blades, even if of a wide plan form, need to be working at a 
large angle of incidence. 


lf an airscrew of the series (0) was mounted directly on an 
engine of 1,800 r.p.m. it would have a tip speed of 940 ft. per 
second. Accordingly all the airscrews of series (b) are geared, 
the maximum rotational speed being 1,600 r.p.m. if the upper 
limit of tip speed be 850 ft. per second. The two-bladed airscrew 
§,; of rotational speed 1,600 r.p.m. has a poor performance, partly 
because of the low pitch. Hereinafter no mention will be made 
of this airscrew. There is not a great difference in the overall 
performance of the two-bladed airscrew S, and the four-bladed — 
alrscrew 8S, of the same rotational speed. It would seem at this 
rotational speed (1,200 r.p.m.) that with a diameter of 10 ft. a 
change should be made from two blades to four blades, since the 
angle of incidence of the blade of S, is rather too high and that of 
the blade of 8, rather too low for good efficiency of working. 
The four-bladed airscrew 8, of rotational speed 900 r.p.m. is the 
best of the second series, although there is a tendency for the 
efficiency to fall somewhat rapidly at the climb because of the 
large angle of incidence at which the blades work in order to 
absorb the given horse-power. For this reason it is undesirable 
to put more than about 300 h.p. into a four-bladed airscrew of 
this diameter rotating at 900 r.p.m. 


B3828B . I 
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The ‘theoretical’ efficiency of each airscrew in which the 
modification due to the velocity of the inflowing air is ignored 
is given in the last column of Table 1. The discrepancy between 
the “theoretical ’’ and practical values of the efficiency is suffi- 
ciently large to emphasise the need. of taking into consideration 
the velocity of inflow. 


The conclusions of the investigation in so far as the airscrews 
alone are concerned—it should here be noted that the airscrews 
were designed for a particular engine—are summarised below. 


(a) The efficiency curves on a (V /nD) base may be somewhat 
misleading. A method of comparing the performances 
of the airscrews is given later. 


(b) If the tip speed be limited to 850 ft. per second—this 
may be a rather high value—the maximum rotational 
speeds of airscrews of diameters 9 and 10 ft. are 1,800 
r.p.m. and 1,600 r.p.m. respectively. 


(c) The larger the diameter of the airscrew, the smaller the 
reduction of the efficiency due to the velocity of the 
inflowing air. 


(<4) An airscrew mounted directly on the engine of 1,800 
r.p.m. should have only two blades. With a four-bladed 
airscrew the blades will be long and narrow and working 
at a small angle of incidence. On the other hand, even 
with a four-bladed airscrew, the blades will be wide, 
and will be working at a large angle of incidence if the 
rotational speed be lower than 900 r.p.m. 


Comparison of the performances of the combinations of engine 
and airscrew.—Curves which give the relationships between the 
thrust, the efficiency, and the value of V/nD, whilst completely 
defining the performance, are not in a suitable form for a com- 
parison of the relative merits of the airscrews when mounted on 
the same engine. Accordingly, it is necessary to compare the 
performances of the several combinations of engine and airscrew. 
It is assumed that the torque of the engine had a constant value— 
875 lbs. /it—over the working range of the rotational speed, so 
.that the engine is developing 300 h.p. at 1,800 r.pm. The 
assumption of constancy of torque will not diminish the value 
of the comparison. Also the efficiency of the reduction gearing 
is taken as 97 per cent. The relationship between the thrust of 
each airscrew when driven by this engine and the forward speed 
of the machine has been calculated from the performance curves 
of Figs. 6-8. The data of these calculations are given in Table 2 
and shown. graphically in Fig. 9, from which a comparison of the 
performances may be made. It is further assumed that the 
reduction gearing does not alter the external shape of the machine, 
but only the weight, so that at the same attitude and the same 
forward speed the resistance will be unaffected by gearing. The 
effect on the performance of the machine of the extra weight due 
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to gearing is considered later. From: Fig. 9 it will be seen that 
the best geared airscrew is S,, and also that the performance of 
this airscrew is better over the whole of the working range of the 
forward speed than that of the ungeared airscrew 5,. The extra 
weight due to the gearing will modify the relative performances 
of these two airscrews when mounted on a machine. It is well 
to point out that whilst the above comparison is the one which 
is of interest to the designer it is not a comparison of the relative 
merits of the airscrews taken alone. The engine, although 
giving a constant torque, is not giving the same horse-power to 
the several airscrews at the same forward speed. The relationship 
between the horse-power of the engine and the forward speed of 
the machine in the cases of airscrews S, and Sz, are given by the 
curves AA and BB respectively of Fig. 10, from which it will be 
seen that because of the different characteristics of the two 
airscrews the engine is running about 1 per cent. slower at the 
same forward speed with airscrew S,. A comparison between the 
airscrews taken alone—this is perhaps of theoretical interest only— 
may be made if the engine develops the same horse-power at the 
same iorward speed of the aeroplane, adjustment if necessary 
being made on both rotational speed and torque. Thus, if the 
airscrews 8, and 8S, are assumed to be mounted on an engine of 
which the relationship between the horse-power and the forward 
speed of the machine is given by the curve AA of Fig. 10, then 
the relationships between the thrust and forward speed are as 
shown by the two curves, CC and DD, of Fig. 11. (See also 
Table 3.) From these two curves a true comparison of the merits 
of the airscrews may be made, but for practical purposes the 
comparison should be between the curves of Fig. 9. 
Application of the preceding to the question of engine gearing.— 
The desirability of engine gearing may now be considered from 
the standpoint of the preceding data of airscrew design. It has 
been shown that the best geared airscrew is S,, and the best 
ungeared airscrew 8,. Performances of these two airscrews when 
mounted on the same engine, working all out over the working 
range of the forward speed, are shown by the full lines YY and XX 
of Fig. 9. When calculating the performance curve for airscrew 8, 
the efficiency of the reduction gearing was taken as 97 per cent., 
but no allowance was made for the weight of the gearing. From 
the curves of Vig. 9 it will be seen that at a forward speed of 125 
miles per hour the thrust of airscrews S, and Sz are 671 Ibs. and 
681 lbs. respectively. Assuming this speed to be the maximum 
horizontal flight speed, and that the lift /drag of the machine at 
this attitude is 5, the weights of the machine for equal perform- 
ances are 3,355 lbs. and 3,405 lbs. respectively. Hence, assuming 
the weight of gearing, &c., as 50 lbs.—a very low estimate— 
the machine driven by either 8, or S, will have the same perform- 
ance at the maximum horizontal flight speed of 125 miles per hour. 
It is now proposed to consider the case of climbing at 75 miles 
per hour. The thrusts of airscrews 8, and 8, at this speed are 
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854 lbs. and 876 lbs. respectively, the weights of the machines— 
which are equal aerodynamically—being 3,355 Ibs. and 3,405 lbs. 
respectively. If the lift /drag of the machine be taken as 10, it 
can be easily shown that at the forward speed of 75 miles per 
hour, the rates of climbing, when driven by airscrew 8, or Sg, will 
be 1,030 or 1,045 ft. per minute. 


Hence, assuming the weight of the gearing, &c., to be 50 Ibs., 
and the efficiency of the gearing 97 per cent., the machine will 
climb 1-5 per cent. faster when driven by the geared engine, the 
performances of the machine at the maximum horizontal flight 
being equal for both the geared and the ungeared airscrews. 


It would appear, then, from the standpoint of airscrew design, 
that if the maximum diameter be limited to 10 ft. reduction, 
gearing is not necessary in the case of an engine developing 300 
horse-power at 1,800 r.p.m. at an altitude of 10,000 ft., the forward 
speed of the machine being 125 miles per hour. 
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TABLE 3. 


COMPARISON OF THE PERFORMANCES OF ATRSCREWS 
S, AND 8, WHEN MOUNTED ON AN ENGINE OF 
WHICH THE CHARACTERISTICS ARK GIVEN IN 
FIG. 11. 


At the same forward speed the airscrews absorb equal power. 
| Altitude of machine, 10,000 ft. 
Efficiency of reduction gearing of aircrew, 8, = Ty per cent. 


<= ee SESE EL PIS ILA PI ET I EE SE I TE I I EES BE SETS 


Airscrew §,. Airscrew §,. 
1 & 


Forward speed of | Thrust. Forward speed of Thrust. 
- machine. machine. 

Miles per hour. Lbs. Miles per hour. Lbs. 
125-0. 670 | 125-0 695 
113-5 698 115-0 721 
101-5 735 105-0 | 750 
86-7 790 95-0 789 

78°3 834 85-0 825 


400 


THE EFFECT OF THE INFLOWING VELOCITY OF THE 
AIR ON THE EFFICIENCY OF AN AIRSCREW, WITH 
A SPECIAL REFERENCE TO THE CASE OF TANDEM 
AIRSCREWS OF LARGE MACHINES. 


By A. Facz, A.R.C.Se., D.1.C. 


Reports and Memoranda, No. 385. December, 1917. 


SuMMARY.—(a) Introductory (Reasons for Inquiry).—With a view to 
using a large h.p., with the types of engine at present available, trial 
was made on a Handley Page bombing machine, of substituting four 
Hispano Suiza engines for two Rolls Royce engines of higher power. 
Practical experience suggested the advisability for ease of construction 
of using tandem airscrews. The present report is a theoretical investiga- 
tion of the loss of efficiency inherent in such tandem combinations. The 
method of investigation is a natural development following from R. & M. 
No. 328, in which the amount of the inflow velocity and the effect on the 
efficiency in the case of a single airscrew are considered. 

(b) Range of the Investigation—Summaries of the “ aerofoil’’ and 
‘““momentum ’”’ theories for the cases of single and tandem airscrews are 
given. Combinations of tandem airscrews of several different diameters, 
the airscrews of any one combination having the same diameter, were 
designed to give the same thrust at a forward speed of the machine of 
100 m.p.h., the rotational speed being adjusted so that each airscrew gave 
the same thrust. Calculations of the performances of each combination 
at this speed and at a climbing speed of 60 m.p.h. were made. 

(c) Conclusions.—It is shown that the efficiency depends on two 
factors, the first related to the aerodynamic efficiency of the blade section 
and the effective pitch angle; the second, to the inflow velocity of air. 
The first factor was practically the same for all the combinations, but 
the second factor varied appreciably with the diameter and according to 
whether the airscrew was in the front or rear. Increase in the inflow 
velocity reduces the efficiency of an airscrew, especially at low forward 
speeds of the machine, asin climbing. In other words, it is an advantage 
when dealing with a large mass of air to use an airscrew of large diameter. 
The efficiency of an airscrew working in the slip stream of another will 
always be relatively low. The efficiency of the back airscrew in the case 
considered is about 0°9 of the front airscrew at ordinary horizontal flight 
speeds and about 0°75 when climbing. These results are confirmed by 
some full-scale experiments at the R.A.F. 


The present investigation shows in a general manner how the 
efficiency of working of an airscrew depends on the velocity of 
the inflowing air, particular attention being given to the case 
of tandem airscrews, in which one airscrew is working in the 
slip stream of another. The subject has been treated theo- 
retically on the lines of both the “ aerofoil”’ and “‘ momentum ” 
theories of an airscrew, and for convenience of reference sum- 
maries of both these theories are prefaced to the present report. 
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It should be noted that with the conditions of airscrew design 
outlined in R. & M.328, the “‘momentum ” theory is used to obtain 
a thrust equal to that obtained from the aerofoil theory with a 
suitable inflow velocity, and, further, that the efficiency of the 
final design is then deduced entirely from the aerofoil theory. 
Application of the “ aerofoil’’ theory to the case of a single 
airscrew.—It is shown in R. & M. No. 328 that in the case of a 
single airscrew, the thrust on any element of a blade is 


Cc 


e.L,.C.dr (2xrn)? sec ¢ ( 7 tan $) and that the efficiency of 
working of the element is . 
oe Cl tan ¢ 
(1 +a) ° tan (¢ + 8)’ 


where 
V = the translational speed of the airscrew. 
n = the rotational speed of the airscrew. 
C = the blade width at a radius r. 
D = the diameter of the airscrew. 
aV = the inflowing velocity of the air due to the thrust. 
L,. = the absolute lift coefficient of the section. 
D, = the absolute drag coefficient of the section. 
@ = the blade angle of the section. 
oa = the angle of attack of the section. 
(1 + a)V 
tan d = arom gf 


tan 6 =] and 09 =«-+¢. 


‘ 


Application of the “ aerofoil”’ theory to the case of an airscrew 
working in the slip stream of another.—If aV represents the inflow 
velocity of air into the front airscrew, then it is shown in the 
Report previously quoted, that the velocity of the slip stream 
may be taken as 2aV approximately. 


Assuming the back airscrew to be completely in the slip 
stream of the front airscrew, then the thrust of an element is 


D 
eCdr (2rrn)?L, sec ( = Lb tan $), and the efficiency of working 


ee eS _ tan d 
(1 + 2a) (1 + a,) © tan (¢ + 8) 
where | 
2a) V 
tang = Ql + et + 4%) 
and 


a, (1 + 2a)V 
the inflowing velocity of the air due to the thrust of the airscrew. 
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Application of the “‘ momentum ”’ theory to the case of a single 
airscrew.—The thrust of the airscrew T, as calculated according 
to Froude’s hypothesis is 

ea (1 + a) 2aV?. 


The kinetic energy of slip stream wasted 


2 
= ioe o (1 + a) 2a2V8, 


The efficiency of working 


Bae ees td ce 
VT 27 p (1 + 4) 2a7V8 
ih 1 
(1 +a) 
Application of the “ momentum” theory to the case of an air- 
screw working in the slip stream of another.—As before, the rear - 
airscrew is assumed to be working completely in the slip stream, 
of magnitude 2aV, of the front airscrew. 


The velocity of the inflowing air due to the thrust of the 
airscrew = a, (1 + 2a) V. 
Mass of air flowing through the airscrew 
7d De J 
="F e(h + 2a) (1 +a); 


Assume the velocity of the air in the slip stream to be 
(2aV +8). Accepting Froude’s hypothesis, the thrust of air- 
screw 


Ke = o (1 + 2a) (1 + a,)VS 

ss ae £ [(2aV + V +8)? — (2aV + Vj}. 
Hence 

S (2a +1)V +5 =(1 + 2a) (1 +a,) VS, 
that is is | 


S = 2a, (1 + 2a) V. 


The velocity of the slip stream then becomes (1 + 2a) V.2a,. 
The kinetic energy of translation of slip stream due to the thrust 
of the airscrew 
: et 
= 5 (1 + 2a) (1 + ay) V [(2aV + 8)? — (2aV)9 


Ta? T } 
= "gp (1 + 2a) (1 + @,) VS (4aV + 8). 
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The efficiency of working 
VT 


aa + 2a) (1 + a4,) V.S (4aV +58) . 


VT tiers 


] 
be Papir ssa4): 


Explanation of the method and design.—Combinations of 
tandem airscrews of diameter ranging from 7:5 ft. to 9-5 ft. 
were designed to give the same thrust at a translational speed 
of the machine of 100 miles per hour, the variations of diameter 
being accounted for by a change of the rotational speed. The 
width and the shape of the blade section at corresponding radii 
were the same for all the airscrews. The front and rear airscrews 
of any one combination were of equal diameter and gave the 
same thrust at the same speed of rotation, when the trans- 
lational speed of the aeroplane was 100 miles per hour. A 
calculation of the performance of each combination of tandem 
airscrews was also made for a climbing speed of 60 miles per hour of 
the machine, the rotational speeds being so adjusted that each 
airscrew gave the same thrust, the thrust of the combination 
at this climbing speed being 1-55 times the thrust at the hori- 
zontal flight speed of 100 miles per hour. The performance of 
a section of the blade at a distance of 0-8 of the radius from the 
axis of rotation was taken to be representative of the perform- 
ance of each airscrew. The section taken had a maximum 
value of L/D of 20 at an angle of incidence of 2-5°, the angle of 
incidence of the section at the speed of translation of the design 
namely, 100 miles per hour, being 1°. The value of L/D of the 
section at the climbing speed of 60 miles per hour was about 
19-0, the angle of incidence for the several airscrews ranging 
from 3-5° to 5-0°. The value of L/D at angles of incidence 1°, 
2°, 3°, 4°, and 5° were 18, 20, 20, 19 and 18 respectively. The 
relationship between the lift coefficient, L,, and the angle of in- 
cidence, «, of the section, may be expressed by L, = 0-039 
(a -+ 3-2) over the working range of «. 


The interference of the back airscrew on the front has not 
been considered. Also the rotational motion of the slip stream 
of the front airscrew has been neglected. 


It was assumed that the whole of the rear airscrew was in 
the slip stream of the front airscrew, and that the velocity of 
the slip stream was 2aV, where aV is the inflow velocity of the 
air into the front airscrew created by the thrust of this airscrew. 
It was realised that the velocity and the area of the slip stream 
of the front airscrew, in so far as the rear airscrew is concerned, 
will depend on the distance between the two airscrews. The 
assumption made will not, however, affect the general con- 
clusions of the report. 
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As previously stated, the thrust of each airscrew—front and 
back—had the same value at the translational speed of the 
machine of 100 miles per hour, the changes of diameter being 
taken, into account by a suitable adjustment of the rotational 
speed. Assuming the velocity of inflow of air into a front air- 
screw of diameter 7-5 ft. were 10 miles per hour—this corresponds 
roughly to a total thrust of 1,000 lbs. for each combination of 
tandem airscrews—then at the same speed of the machine and 
the same thrust the value of the inflow coefficient “a” for the 
other front airscrew can be calculated from the expression 


6-19 =a(i +a) D*. 

Also the “ aerofoil ’’ expression for thrust is to have a constant 
value for all the front airscrews—no matter what diameter— 
so that since the blade widths at proportional radii are equal 
it follows that 

rn?L, sec d (1 — = tan 9), 
that is 

D 
rn?L,, (1 + 0-5 tan? ¢) (: aT) tan $) 


has a constant value. 


Assuming a rotational speed of 1,620 r.p.m. for the front 
airscrew of diameter 7-5 ft., keeping the above two expressions 
constant, the rotational speeds of the other front airscrews were 
calculated, and the airscrews were then designed to give the 
same thrust. 


Since the diameters of the front and rear airscrews of any 
combination are equal, the coefficient of inflow velocity a, for 
the rear airscrew may be calculated from the expression 


a(l +a) =a, (1 + 4,) (1 + 2a)? 


Also the thrusts of the front and rear airscrews, as calculated 
from the “ aerofoil”’ theory, are equal, so that 


n?L, (1 + 0-5 tan? d) (: = 3 tan $) o 
f D 
[mL/s (1+0- tan? | = ( — jy, tan $1) 
1 
_ where 
1 2 1 V 
tan ¢,; = aan +) 


The rear airscrew was thus designed to give the same thrust as 
the front one. 


In this manner combinations of tandem airscrews of different 
diameters, the airscrews of any one combination having the 
same diameter and rotating at such speeds as to give the same 
thrust at a forward speed of the machine of 100 miles per hour, 
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were designed. Calculations of the performance of the com- 
binations at a climbing speed of 60 miles per hour were then 
made, each airscrew rotating at such a speed that the thrusts 
of all the airscrews were the same. The thrust of each airscrew 
during the climb was 1-55 times the thrust at the forward speed 
of 100 miles per hour. The velocity of inflow of air into a front 
airscrew of diameter 7-5 ft. during the climb was 21 miles per 
hour, from which the inflow velocity for all the other airscrews 
both front and rear may be calculated. The rotational speed 
at which any airscrew should rotate, if the thrust is to be constant 
at this climbing speed, can easily be calculated from the “ aero- 
foil’ expression for thrust. 


The results of the calculations are given in Tables 1-4 and 
shown graphically in Figs. 1 and 2. 


Conclusions of the investigation.—It will be noticed that the 
tan ¢ 
tan ( + 8) 
stant value, the actual range of the variation being from 0:81 
to 0-85. The value of Baths Po is the factor of the efficiency 
expression which depends on the shape of the blade section, the 
angle of incidence, and the effective pitch angle, so that whether 
the machine is in horizontal flight or climbing, the efficiency of 
any airscrew (front or rear) when the “inflow ” factor is ignored 
will be more or less constant at 83 per cent. It will be at once 
apparent from the tables, where the largest value of the efficiency 
of an airscrew is 79-7 per cent. and the smallest value is 44 per 
cent., that the “inflow ’”’ factor of the efficiency expression is 

very important. 


airscrews were so designed that has practically a con- 


From the curves of Fig. 1 it is seen that at a constant value 
of the thrust the efficiency increases with the diameter, for the 
obvious reason that the larger the area of the disc of the airscrew, 
the smaller is the velocity of inflow of air due to the thrust, and 
so the greater the “inflow ”’ factor of the efficiency expression. 
For any one airscrew the “inflow” factor increases with the 


1 
thrust, the value of Gee ) at climbing being of the order of 


0-75. It is important to realise that even if an airscrew be 
designed with good aerofoil sections so as to give its maximum 
efficiency at the climbing speed of the machine, the value of this 
maximum efficiency will be small, if the climbing thrust be large, 
the diameter of the airscrew small, and the speed of climbing 
small. 


The efficiency of an airscrew working in the slip stream of 
another will always be low, since the “inflow ”’ factor is now 
1 


(1 ++ 2a) (1 + a)" 


This is especially the case during the climb, 
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when the value of this factor is of the order of 0-55. During 
climbing it is extremely unlikely that the efficiency of a rear 
airscrew working completely in the slip stream of the front 
airscrew will be considerably greater than 50 per cent., even 
if the blade sections are very efficient aerodynamically, and are 
working at their best angles of incidence. Of course, the problem 
is slightly modified if the rear airscrew is only partly in the slip 
stream of the front, but it would seem that the efficiency of 
such an air-screw during climbing must be low. 


The ratio of the efficiencies of the front and rear airscrews is 
about 0-9 at the maximum horizontal flight speed, and about 
0-75 at the climbing speed. 


Application of the foregoing conclusions to the case of the large 
aeroplane.—It is of interest to compare the performances of a 
large bombing machine—of weight about 12,000 lbs.—when 
driven by (a) two combinations of tandem airscrews, (b) two 
single airscrews of large diameter. Suppose each airscrew of 
the combination, of diameter 8’ 6”, gives the same thrust at the 
maximum horizontal flight speed of the machine. Then a 
similar airscrew of diameter 12’ 0” rotating at the same tip speed 
and the same forward speed will give twice the thrust with the 
same “inflow” factor of the efficiency expression, and hence 
with the same efficiency as the front airscrew of the tandem 
combination. The efficiency of the large airscrew will, however, 
be about 5 per cent. greater than the efficiency of the tandem 
combination. Thus if the engines are giving the same _ horse- 
power at this horizontal flight speed, the weight of the machine 
carrying the two large airscrews may be approximately 12,600 lbs. 
The L/D of the machine:in the slightly different attitude will 
probably be a little greater, so that 12,600 lbs. is a conservative 
estimate. Further, if it be assumed that the whole of the extra 
600 lbs. is completely used in the construction of the machine— 
weight of gearing, extra weight and resistance of landing gear, 
&c.—then the heavier machine with the large airscrew will show 
a distinct advantage at the climb, because then the efficiency of- 
the large airscrew is about 1:12 of that of the combination of 
tandem airscrews. | 


The problem may be viewed in a somewhat different manner. 
If a machine of weight W lbs. has the efficiency of its propelling 
mechanism increased in the ratio of 1 to 1:12—such an increase 
of efficiency is probable at the climb by substituting large air- 
screws for a tandem combination of small airscrews—the load 
carried can be increased by 0-08 W, and the speed and rate of 
climbing by 4 per cent. if the attitude of the machine remain the 
same. It would follow then that for the same rate of climbing 
the extra useful load carried by a machine for which W equals 
12,000 lbs. would be over 1,000 lbs. Practical considerations 
may, of course, modify the comparison. 
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SOME EXPERIMENTS WITH TANDEM COMBINATIONS 
OF AIRSCREWS. 


By A. Faas, A.R.C.Sc., and H. E. Coins. 
Reports and: Memoranda (New Series), No. 421. March, 1918. 


SUMMARY.—(a) Introductory (veasons for inquivy)—The present in- 
vestigation was made with a view to testing the general conclusions of 
R. & M. No. 385 in which the efficiency of a tandem combination of air- 
screws has been considered from a theoretical standpoint. Experiments’ 
were made with tandem combinations, in which :— 

(a) Airscrews of different diameter rotated in the same direttion. 


(b) Airscrews of the same diameter rotated (1) in the same direction, 
(2) in the opposite direction. 


(b) Range of the investigation Experiments were made with six 
airscrews A, — Ag, arranged in four tandem combinations as follows :— 


Combination No. 1.—Airscrews of equal diameter, rotating in the 
opposite direction—forward airscrew A,, rear airscrew As. 


Combination No. 2.—Airscrews of equal. diameter, rotating in the 
same direction—forward airscrew A,, rear airscrew A3. 


Combination No. 3.—Airscrews rotating in the same direction, but 
with the airscrew of smaller diameter at the front—forward airscrew A,, 
rear airscrew Ag. 


Combination No. 4.—Airscrews rotating in the same direction, but 
with the airscrew of larger diameter at the front—forward airscrew A,, 
rear airscrew A,. In each combination a model of the tandem engines, 
suitably faired, was mounted between the airscrews. The scale of the 
models was taken as one-sixth full size, and the models of the engines 
were made accordingly. 


The experiments were made more especially to show how the per- 
formance Of an. airscrew is modified when working in the slipstream of 
another, rather than to obtain the over-all performance of the complete 
tandem combination. The performances of each rear airscrew were 
measured when the forward airscrew was stationary, and when the thrust : 
of the rear airscrew was 0°8, 1°0 and 1-2 times that of the forward airscrew. 


(c) Conclusions——The general results of the Pater ies may be 
conveniently summarised as follows :— 


(1) The efficiency of working of the rear airscrew is reduced by the 
slipstream of the forward airscrew; thus, over the working range, the 
efficiency of the rear airscrew is about 84 per cent. of its value when the 
forward airscrew is not working, this value being the mean taken from the 
four combinations when the forward and rear airscrews are developing: 
equal thrusts. 

(2) The efficiency of the tandem combination is increased by rotating 


the airscrews in opposite directions, thus, with the particular airscrews 
of the.present investigation, the efficiency of the tandem combination at 
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climbing was increased by about 4 per cent., assuming the airscrews to be 
giving the same thrust and that the performance of the forward airscrew 
is not appreciably affected by the working of the rear airscrew. 

(3) The performance of the forward airscrew was only slightly modified 
by the working of the rear airscrew. 

(4) It would appear advantageous to use airscrews of different 
diameters, the larger airscrew being at the front. 


(5) The rotational motion in the slipstream of the forward airscrew 
appears to be of appreciable magnitude, and if possible, should be allowed 
for when designing the rear airscrew. 


The efficiency of a tandem combination of airscrews has 
been considered from a theoretical standpoint in R. & M. No. 385, 
and it was thought desirable to test the general conclusions of 
that report by some experimental evidence. Accordingly, the 
investigation described in the present report was made. The 
experiments, which are admittedly of a somewhat general 
character, were conducted more especially with a view to 
measuring the performance of an airscrew as affected by the 
slip stream of another, rather than of finding the over-all per- 
formance of the complete tandem combination. There is, how- 
ever, some experimental evidence that the interference of the 
rear airscrew on the performance of the forward one is small. 
Experiments were made with tandem combinations in which 


(a) airscrews of different diameter rotated in the same 
direction, and 

(6) airscrews of the same diameter rotated (1) in the 
same direction, (2) in the opposite direction. 


Range of the investigation—To obtain some general experi- 
mental data with the minimum of delay, the tandem combinations 
were constructed from model airscrews which were at the 
Laboratory. Experiments were made with six airscrews, arranged 
in four tandem combinations, and for convenience of reference 
the following nomenclature is adopted. 


Airscrew A, (see Fig. 1).—Airscrew designed for B.E.2c 
machine. R.A.F. drawing No. T.4966. Diameter of model 
= 1-5 feet. Right-handed direction of rotation. Two blades. 
The direction of rotation is obtained by looking from behind 
the airscrew in the direction of forward motion. 


Airscrew A, (see Fig. 1).—Airscrew same as A,, but with a 
left-handed direction of rotation. Two blades. 


_ Alrscrew A, (see Fig. 1).—Same shape of blade sections, 
diameter, and plan form as airscrew A,, but the blade angles 
are smaller. Left-handed direction of rotation. Two blades. 


_ Atrscrew A, (see Fig. 2).—Airscrew designed for B.E.28 - 
machine. R.A.F. drawing No. T.7850. Diameter of airscrew 
1-615 feet. Left-handed directicn of rotation. Four blades. 
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Airscrew A, (see Fig. 3).—Airscrew B of the “ blade-inter- 
ference ” experiments of R. & M. No. 316. Diameter of airscrew 
2:25 feet. Four blades. Left-handed direction of rotation. 


Airscrew A, (see Fig. 4).—-Airscrew designed for F.E.8 » 
machine. R.A.F. drawing No. T.7148. Diameter of airscrew 
2:0 feet. Four blades. Left-handed direction of rotation. 


The four combinations of tandem airscrews were :— 


Combination No. 1.—Forward airscrew—A,; rear alrscrew— 
As. 

Hence airscrews of equal diameter, but rotating in the 
opposite direction. 


Combination No. 2.—Forward airscrew—A,; rear airscrew— 
A3. 

Hence airscrews of equal diameter, but rotating in the same 
direction. 


Combination No. 3.—Forward airscrew—A,; rear airscrew— 
Ag. 

Here the diameter of the forward airscrew is smaller than 
that of the rear airscrew, but with the same direction of rotation. 


Combination No. 4.—Forward airscrew—A,; rear airscrew— 
Ag. 
Here the diameter of the forward airscrew is greater than 


that of the rear airscrew, and both airscrews rotate in the same 
direction. 


In each combination a model of the tandem engines with 
suitable engine fairing was mounted between the airscrews. A 
sketch of this model is given in Fig. 5. From the sketches of 
Fig. 6 may be found some idea of the relative sizes of the two 
airsciews and engines of each combination. If the scale of any 
combination be taken as one-sixth full size—this was the scale 
chosen for the model of the engines—then the diameters of the 
full size airscrews, taken in order, would be 9’, 9’, 9’, 9’ 1”, 13’ 6” 
and 12’ respectively. 


The experiments were made in the 4-ft. channel, the forward 
airscrew being driven by the airscrew dynamometer, whilst the 
thrust and the torque of the rear airscrew were measured on 
the airscrew balance. Ordinarily, the thrust of the airscrew 
acts as a pull along the shaft of the dynamometer, but with 
these particular experiments it was necessary to mount the 
airscrew so that its thrust acted as a push. By a slight modifica- 
tion of the thrust measuring apparatus of the dynamometer it 
was possible to measure the thrust of a forward airscrew, but 
no measurements of torque were obtained. The measurements 
of thrust and torque were made at a rather low wind speed of 
25 ft. /sec. in the channel, in order to develop the thrust of the 
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rear airscrew at a low (climbing) value of (V/nD). The perform- 
ances of each rear airscrew were measured when the forward 
airscrew was stationary, and when the thrust of the rear airscrew 
was 0-8 1-0, and 1-2 of that of the forward airscrew. It is not 
“convenient when dealing with combinations of several different 
types of airscrews to present the results of the experiments in 
terms of absolute coefficients, and, accordingly, the actual 
measurements of the thrust and torque are given for the corre- 
sponding value of the rotational speed, the forward speed of 
the model airscrew being 25 ft. /sec. 


Discussion of the results of the expervments.—The experiments 
of the present report show how the performance of an airscrew 
is modified when working in the slip-stream of another ; that is, 
- comparisons are made between the performance of the airscrew alone 
and the performance of the same airscrew when mounted at the 
rear of a tandem combination. In some respects it would have 
been better, perhaps, to have made a comparison between the 
performance of an airscrew, designed to develop a given thrust 
“at a given rotational speed and another airscrew, of the same 
plan form and the shape of blade sections, designed to absorb 
san equal torque at the same value of the rotational speed, when 
_working in the slip stream of a forward airscrew, the transla- 
tional speed of the machine being the same in both cases. In 
the latter case the blade angles of the airscrew would be increased 
to take account of the additional translational velocity of the 
‘slip stream from the front. The general results of such an 
“investigation would be of the same character as those of the 
present, but it is thought desirable to point to the slight differ- 
ence between. experiments on tandem combinations—where the 
_rear airscrew is especially designed for sucha. combination— 
.and experiments made to measure how the performance of any 
-airscrew is affected by the slip stream from another. To avoid 
undue reiteration the thrust of the forward airscrew and the 
-thrust of the rear airscrew will BETOONOR be TeLcrnens to as- oe t 
-and. T,-respectively. , 


Combination No. 1.—The performance of the rear airscrew 
A; when .(U, = O, 7, == 0:81 ,0 7, = T),.und 1a eee 
j sped in Tables 1 and 2 and Figs. 7 and 9,: . As would be-expected, 
, to develop.a given thrust on the airscrew A, the rotational spéed 
-must be increased with an increase of the: thrust of the forward 
-airscrew A,, since the augmented translational velocity diminishes 
,the angle of incidence of the blade sections... At the same rota- 
, tional speed. of the rear airscrew Aj,-the slip.stream of airscrew 
_A, does not greatly affect the torque... It. will be seen: from 
Fig. 9 that. the maximum efficiency of the rear airscrew: alone 
3 (Ey. = 0) is 84:5 per cent., and that the- efficiency at climbing | 
is about 75 per cent.. hen (T, = T,) the maximum value of 
_ the efficiency is 75-5 per cent., and then the efficiency at spats 
Is roughly ahout 85,per cent: cof the value when T, = 0. 
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Combination No. 2.—The performance curves of the rear 
airscrew A, of this combination are given in Figs. 10-12, and the 
experimental data in Table 3. The shifts of the thrust and 
torque curves of this airscrew in the direction of the increasing 
value of rotational speed—due to the slip stream from the 
forward airscrew A,—are more pronounced than with the 
forward airscrew A,, which is only to be expected, since the 
airscrews of this combination are rotating in the same direction. 
When (T, = T,) the maximum efficiency falls to the rather low 
value of 65 per cent. At climbing when (T, = T,) the efficiency 
may be taken as about 77-5 per cent. of the value when T,; = 0.. 


The effect of the relative directions of rotation on the performance 
of a tandem combination.—The only difference between com- 
binations No. 1 and No. 2 is that the forward airscrews A, and 
A, have opposite directions of rotation, the airscrews A, and 
A, being equal in all respects and the rear airscrew A, being 
common to both combinations. It is possible, then, from a 
direct comparison of the performance of these two combinations 
to determine the effect of the direction of rotation of the forward 
airscrew on the efficiency of working of the rear airscrew. To 
facilitate the comparison, the performance curves of airscrew Ag, 
when working as the rear airscrew of both combinations No. -1 
and No. 2, with (Ty= T,) and (T, = 0), are re-drawn in Figs. 
13-14. ; | 


It will be seen from Fig. 13 that the shifts of the thrust and 
torque curves of airscrew A;, parallel to the axis of the rota- 
tional speed, are appreciably affected by the direction of rotation 
of the forward airscrew, these shifts being, of course, quite 
distinct from those due to the translational velocity of the slip 
stream from the forward airscrew. It would follow then that 
when designing the rear airscrew of a tandem combination some 
allowance should be made for the direction of rotation of the 
forward airscrew.. A gain of efficiency of the vear airscrew is 
obtained when the airscrew, rotates in the opposite direction. 
(see Fig. 14) for the reason that at any rotational speed the larger 
fall of thrust of airscrew A, of combination No. 2, as compared 
with combination No. 1, is “accompanied by a relatively smaller 
fall of torque. The values of the maximum efficiency of airscrew 
A, of combination No. 1 and No. 2 (when T, =T,) are 75-5 
per cent. and 64:5 per cent. respectively, although perhaps the 
merits of the combinations aré more correctly obtained from a 
comparison of the efficiencies at'climbing. At-the same rotational: 
speed and when (T, = T,) the efficiency of the rear’ airscrew ‘A; 
at climbing i is about 8 per cent: greater in the case of eonibinstions 
No:~I. It should be noticed that at thé same rotational speed: 
airscrew A; is absorbing a greater torque in combination No. Iv 
Also the 6ver-all efficiency of the tandem conibination will only 
be increased by about 4 per cent. by rotating the airscrews in the: 
sige Ms direction, “as it iS expected that the efficiency of the 
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forward airscrew will not be appreciably affected by the direction 
of rotation of the rear airscrew and presuming that (T, = T,). 


Combination No. 3.—The performances of the rear airscrew 
A, when (T;=0, T, =0-8T,, T, =T, and T, =1-2T,;) are 
given in Figs. 15-17 and Tables 4 and 5. From Fig. 17 it will 
be noticed that the maximum efficiency of the rear airscrew Ag 
falls from 83-5 per cent. to 63-5 per cent. when (T, = T,), and 
also that the efficiency at climbing when (T, = T,) is 85 per 
cent. of the value when T; = 0. 


Combination No. 4.—The experimental data for the rear 
airscrew A, of this combination are given in Table 6, and shown 
graphically in Figs. 18-20. The maximum efficiency is reduced 
by a smaller amount than in combination No. 3, that is from 
83-5 per cent. when T;=0 to 75 per cent. when (T, = T,). 
At climbing (T, = T,), the efficiency of airscrew A, is reduced to 
about 90 per cent. of its value when T,; = 0. 


The dependence of the performance of a tandem combination 
on the relative diameters of the two airscrews.—The experiments 
with combinations No. 3 and No. 4 were made to determine 
whether a higher efficiency is to be expected with the larger 
airscrew at the front or at the rear of the combination. It will 
be noticed that the three four-bladed airscrews A,, A, and A, 
have the same direction of rotation. The rear airscrew Ag, 
which is common to both combinations, has the larger diameter 
in combination No. 3. A comparison of the performances of the 
rear airscrew A, of combinations No. 3 and No. 4 can most 
conveniently be made by reference to Fig. 21, which gives the 
thrust and torque curves when T;=0 and T, =T,, and to 
Fig. 22 which gives the corresponding efficiency curves. It will 
be noticed that when (T; =T,) the rear airscrew A,, when in 
combination No. 4, has a greater thrust and a smaller torque 
over the greater part of the experimental range of the rotational 
speed. The maximum value of the efficiency of airscrew A, in 
combination No. 4 is 75 per cent. and in combination No. 3 is 
63-5 per cent., but the discrepancy between the values of the 
efficiency diminished with an increase of the rotational speed, 
becoming zero at a rotational speed of 22 r.p.s. From these 
experiments it would seem advantageous to mount the larger 
airscrew at the front of the combination. 


Interference of the rear airscrew of a tandem combination on 
the performance of the forward airscrew.—No measurements of the 
complete performance of a forward airscrew were made during 
the present experiments, but at a constant value of the thrust 
the rotational speed of a forward airscrew was measured as the 
thrust of the rear airscrew varied from 0 to 1-2T,. . The experi- 
mental data for the forward airscrews A, and A; of combinations 
No. 3 and No. 4 are given in Tables 7 and 8 and shown graphically 
in Figs. 23 and 23a. From the curves of these figures it will 
be seen that at a constant thrust T, and a constant translational 
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speed, the rotational speed of either the forward airscrew A, 
or the forward airscrew A; is practically unaffected as the thrust 
of the rear airscrew changes from 0 to 1-2T,. 


A similar result was obtained with the forward airscrews 
A, and A, of combinations No. 1 and No. 2. It would seem 
then, that the performance of a forward airscrew of a tandem 
combination is only slightly affected by the working of the rear 
airscrew. 


The conclusions of the present investigation may be sum- 
marised thus. 


(2) When’ the forward and rear airscrews of a tandem 
combination are developing equal thrusts, the maximum effi- 
ciency of the rear airscrew is about 83 per cent. of the value 
when the forward airscrew is not working. At climbing (T,; = T,), 
the efficiency of the rear airscrew is about 85 per cent. of the 
value when the thrust of the forward airscrew is zero. 


(b) The efficiency of the tandem combination is increased by 
rotating the airscrews in opposite directions. With the par- 
ticular airscrews of the present investigation, the efficiency of 
the tandem combination at climbing was increased by about 
4 per cent. when the airscrews rotated in the opposite direction, 
assuming the airscrews to be giving the same thrust and that 
the working of the rear airscrew does not appreciably affect the 
performance of the forward airscrew. 


(c) When designing the rear airscrew of a tandem combina- 
tion some allowance should be made, if possible, for the rota- 
tional motion in the slip-stream from the forward airscrew, in 
addition to that made for the translational motion. 


(qd) It would appear advantageous to mount the larger 
alrscrew in front of the tandem combination, and in the case 
where the two engines are of unequal horsepower, to drive the 
forward (and larger) airscrew by the engine having the higher 
horsepower. In the particular case which led to the present 
investigation the engines were both of the same horsepower, 
though in the circumstances in which the tests were made this 
condition could not be definitely attained. 


(e) The working of the rear airscrew appears to affect only 
slightly the performance of the forward airscrew. 
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TABLE 1. 


PERFORMANCE OF AIRSCREW A, WHEN UNAFFECTED 
BY THE SLIP-STREAM OF THE FORWARD AIRSCREW 
(i.e. T, = 0), BUT WITH INTERFERENCE OF FAIRED 
ENGINES. era! | 


Translational speed of airscrew = 25 ft. /sec. 


Thrust. dial Torque. | Efficiency. 

(revs. /sec.). ce) T. (Ibs. ). | n (revs. /sec.).| Q (lbs.-ft.). | n (revs. face.).| ERC Mere: 

| ae 
21°10 | - 0-305 20°10 0-06 20:0 75:0 
23:20 | 0-457 23-00 0-09 22:0 82:8 
25-20 | 0-609 26-00: O12 24-0 84:5 
27-40 | 0-761 28°70 - 015 26-0 84-0 
28-90 O913 21) Gi31-20 se) ees 0sis Pen a oa 
30°65 | 1-065 | 33-00. 0:21 30-0 79:5 
32:30 | 1-216 35-20 0-24 32:0 77-0 
33:40 | 1368 37:30 0:27 34-0 75:0 
34°80 1°520 a ae 36-0 72:4 
36°70 i 1°79 S|) ee i 38:0 70°4 
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TABLE 4. 


PERFORMANCE OF AIRSCREW A, WHEN UNAFFECTED 
BY THE SLIP-STREAM OF THE FORWARD AIRSCREW 
(.e., T; = 0), BUT WITH INTERFERENCE OF FAIRED 
ENGINES. 


Translational speed of airscrew == 25 ft. /sec. 


Thrust. | Torque. | Efficiency. 
2 : 
n ks /sec.). | T. (Ibs.). | m (revs. /sec.). | Q (Ihs.-ft.). | n (revs. /sec.). (percentage) 
| 3 
12°25 | . 0°204 11°60 0-060 11:4 0 
13:25. 0-407 13) t0r eg tl e0' 450 13-0 78-0 
14°95 0-812 13°60 t kOsI SO. | 14°0 83-0 
15°85 | 1-015 14°20 O-2132 15-0 82°6 
16°70 | Lh as 7s 15°60 0°300 | 16°0 80°3 
17°35 ioe ed 419 2AG-05 0°330 | 17:0 77°3 
18°15 ee SE O2T 17°70 | O-450 | 18-0 Bele) 
18°70 be eb ea 19°75 0-600 | 19-0 73°0 
19°45 | 2:023 20°45 0-660 | 20°0 71°4 
a | ~ 21-20 0-720 | 20-0 69°8 
<a | = a — | 22°0 67°0 
3 iy ao ek | | 
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TABLE 7, 


THE EFFECT OF THE THRUST OF THE REAR AIRSCREW 
OF COMBINATION No. 3 ON THE FORWARD AIR- 
SCREW (A,), AS SHOWN BY MEASUREMENT OF THE 
THRUST AND ROTATIONAL SPEED OF THE 
FORWARD AIRSCREW. 


Translational speed of airscrew = 25 (ft. /sec.). 
Thrust of forward airscrew (A,) = T, (lbs.). 
Thrust of rear airscrew (A,) cd tera 0 31-70» 


Mode! of faired engines in place. 


Rotational Speed of the Forward Airscrew (A,) (revs. /sec.) when : 
Value of Ty 
(lbs.). 


en SS ——__—______— SS 


| Tr=OxTy | Tr = 0-8Ty. bi iay 1-0T,, | Ty = 1-2Ty. 
0°65 18°90 19°00 | 19:00 19-00 
0°90 20°95 20°20 | 20°20 20°20 
1°10 | 22°80 | 22°70 | 22°60 22°60 
1°45 24°70 24°70 24°80 | 24°80 
1°60 | 26°15 26°00 | 25°90 26°10 
. 1°80 i 27°70 27°40 / 27°40 27°50 
2°00 29°10 28°30 | 28°50 28°50 


TABLE 8. 


THE EFFECT OF THE THRUST OF THE REAR AIRSCREW 
OF COMBINATION No. 4 ON THE FORWARD AITR- 
SCREW (A;), AS SHOWN BY MEASUREMENTS OF 
THE THRUST AND ROTATIONAL SPEED OF .THE 
FORWARD AIRSCREW. 


Translational speed of airscrew = 25 (ft. /sec.). 
Thrust of forward airscrew (A.)='T, (Ibs.). 
Thrust of rear airscrew (Ag) = (Atlas 


Model of faired engines in place. 


Rotational Speed of the Forward Airscrew (A,) (revs. /sec.) when : 


Value of Ty ee. Se na 
(Ibs.)}. “4 | 4 f+ 
T, =0 x Ty | T, = 0-8T;. T, = 1-0T;. | T, = 1-21, 
| | | 

0-40. | a ze | 13-10, pleen13-00- |) ATR 0 

0°65!) <4 ATA BOS oe He 5 840 e400 On 

0°90, °F S ReBOm FT ee 490 14°70." eden 

T7150) aS 40 cee eee S50, 15°55° | jaiaehs60 

1-40 Botte: 1620 16-05 apne 15 

1°60, 2 of OS eR eet eG 75 16:75 eee 1G 70 

1°80) 2a stg 2) Groves Eye es eee) Mle hae 

2-00 a5 ee Fag 17-802 ee 1 7:90 17-60 
eg ee ee 
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EXPERIMENTS om TANDEM AlrscREws. 


Direction of relative wind ee 
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e Forward airecrewy alone (Tee oT) - 
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odel of faired endines in place. 


20 ae ~ Combmation meq. 
j re! “Thrust of forward awscrew A aa 
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te. Tee nelatic al speed: see S 5 aoe 
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¥ of forward awscrewAs = lbs 


Thrust of rear awacreur Ag = Ty Ibe ey. 
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AN ANALYSIS OF THE ENERGY ACCOUNT OF AN AIR- 
SCREW WITH AN APPLICATION TO THE CASE OF 
THE TANDEM AIRSCREW. (WITH APPENDIX.) 


By A. Facer, A.R.C.8e., .D-1.C. 


Reports and Memoranda, No. 429. January, 1918. 


_  SUMMARY.—(a) Introductory (reasons for inquiry).—It was suggested 
by the Aerodynamics Sub-Committee that the work of R. & M. 385, 
which is a theoretical investigation of the efficiency of a tandem com- 
bination of airscrews, should be further extended to consider the case 
of airscrews absorbing equal power, and rotating in opposite directions. 

(b) Range of investigation—An analysis of the energy account of an 
airscrew is made, which gives some idea of the probable magnitude of the 
reconvertible energy of the slip stream. It is shown, that the energy put 
- into an airscrew reappears in several forms—useful work, kinetic energies 
of translation and rotation, potential energy, mechanical energy absorbed 
in any vibration of the airscrew, heat and sound energy. An application 
of the energy analysis is then made to the special problem under con- 
sideration. 

(c) Conclusions.—For the particular airscrew for which the calcula- 
tions were made it was found that the ratio of the efficiency as calculated 
from considerations of momentum to the actual efficiency is about 0°82. 
About 15 per cent. of the total energy put into the airscrew was not 
directly calculable. The energy of rotation—which is calculated from the 
angular momentum of the air,and the reaction of the torque—is about 3 per 
cent. of the total energy put into the airscrew. The magnitude of any 
regular vortex motion is probably small. The conclusion is drawn that 
the efficiency of a tandem combination may be increased by about 3 per 
cent. if the airscrews are rotated in the opposite direction. 

(d) Applications and further developments ——Owing to the difficulties 
of a theoretical investigation, it is considered desirable that experiments 
should be made with tandem combinations of airscrews, with a view 
to finding how the efficiency of a combination depends (a) on the relative 
directions of rotation, (b) on the relative diameters of the airscrews. 


The present report should be regarded as a continuation 
of R. & M. 385, which is a theoretical investigation of the 
effect of the inflowing velocity of the air on the efficiency of a 
single airscrew, and also of a tandem combination of airscrews 
of equal diameter. The problem here considered is whether the 
efficiency of a tandem combination can be appreciably increased 
if the airscrews are rotated in the opposite direction. It has 
been suggested that the rotational energy of the slip-stream of 
the tandem combination may be somewhat reduced, with some 
advantage to the efficiency, if the two airscrews are rotated in 
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the opposite direction. Accordingly, an analysis of the energy 
account of an airscrew is made, which gives some idea of the 
probable magnitude of the reconvertible energy of the slip-stream 


An analysis of the energy account of an airscrew.—Of the total 
energy put into an airscrew a large proportion is converted into 
useful work, the greater part of the remainder being carried 
away in the slip-stream. 


The useful work done is a quantity which can be measured 
with considerable accuracy, but of the various other forms of 
energy co-existing in the slip-stream, there is no exact quantita- 
tive knowledge. 


Any attempt, therefore, to analyse the energy account of an 
airscrew must, by virtue of the complexity of the problem, be 
of a somewhat speculative character. On the other hand, 
however, although the various forms of energy—kinetic, poten-- 
tial, heat, sound—are inextricably mingled, some by their very 
nature are negligibly small, whilst of the others the magnitudes 
of those which have a direct connection with the forces of the — 
airscrew can be calculated. 


Making a qualitative and quantitative analysis of the energy 
account, it would seem that the total energy E put into the 
airscrew in unit time eventually re-appears in one or other of 
the following forms. ‘The usual airscrew notation is adopted. 


(a) Useful energy E,. A quantity which can be readily 
calculated from the thrust T and forward speed V. 


Thus 
VT 
EK, — 550 ELE: 

(0) Kinetic energy of translation E,, a function of both the 
thrust and the mass of air flowing into the airscrew. Working 
on the lines of the “momentum ” theory of Froude, it is easily 
seen that 


dM) (20)? " (dT) v 
2 x 550 550 


y¥=0 (As (0) 


& 
| 


where v is the inflowing velocity of air into an annulus of radius 
r and width dr, so that dM =o (V + v) 2xrdr._ It is shown in 
Reports and Memoranda No. 328 that the velocity of this mass 
of air is approximately 2v at the minimum section of the slip- 
stream, so that dT =dM . 2v. E, obviously has a minimum 
value for the given thrust, since the air flowing through the 
airscrew disc is here assumed to be unaccompanied by any 
motions extraneous to the régime. 
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(c) Kinetic energy of rotation E;, a concomitant effect of the 
torque. Since the torque is a measure of the angular momentum 
of the air, it would follow that the air in the vicinity of the 
airscrew has a kinetic energy of rotation, EK, where 


oo 88) D 
2 a 
& (dQ)? es v (dQ)? I 
wie Br? dm. “< 550 — r= (dT) * 550° 
r1=0 ye! () 


This kinetic energy EH, is due to a regular angular rotation 
about the axis of the airscrtew, although such motion will be 
somewhat hidden by the various irregular motions of the slip- 
stream. 


(d) The remaining energy E,, most of which is in the slip- 
stream, represents a collection of energy of various forms, but 
chiefly the energy of confused motion. It is necessary for the 
object of the present report to attempt to sub-divide E, into 
its constituent parts, although it is fully realised that no marked 
partition between these forms of energy is possible. 


(H,a.) Energy dissipated as sound waves. Magnitude not 
calculated, but probably small. 


(H,5.) A mechanical loss due to any vibrational working 
of the airscrew. 


(E,c.) A loss due to the friction of the air on the surface 
of the blade. This would probably be about 1 per cent. or less, 
of the total energy put into the airscrew. 


(E,d.) Heat energy due to irregular eddying motion. Itis to 
be expected that due to the eddying motions at the tip of an air- 
screw, and also because of the viscosity of the air, the loss of 
energy due to the eddying motions at the surface of discon- 
tinuity is quite appreciable. 

(E,e.) Kinetic energy of translation due to irregular linear 
motions, principally “ centrifugal ”’ flow. 


(E,f.) Pressure energy. This is probably negligible by the 
time the air has reached the minimum diameter of the slip-stream. 


(K,g.) Energy of any regular vortex motion. 


Of the various form of energy collected under the heading 
of E,, the energy of the vortex motion (,g)—of which the. 
direction of rotation will depend on that of the airscrew—is 
of chief concern in the present report. 


With the object of finding the relative magnitude of H, H,, 
E,, E,; and H,, calculations of the energy account have been 
made for a fairly representative airscrew. The airscrew had a 
diameter of 9 feet and was driven through a reduction gearing 


of ( a by a 210h.p. Hispano Suiza engine. Calculations of the 
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energy accounts were made for the two principal working con- 
ditions of the airscrew: firstly, at the maximum horizontal 
flight of 100 miles per hour, at which the airscrew is assumed 
to have a rotational speed of 1,250 r.p.m., a thrust of 575 lbs., 
and a torque of 860 lbs. ft.; and, secondly, at a climbing speed 
of 60 miles per hour and a rotational speed of 1,200 r.p.m., the 
corresponding values of the thrust and torque being 810 lbs. 
and 880 lbs. ft. respectively. The data of the calculations for 
the maximum horizontal flight speed are given in Table 1 and 
Fig. 1, and the data for the climbing speed in Table 2 and Fig. 2. 
For convenience of reference the energy accounts for each forward 
speed are collected together in Table 3. 


Discussion of the energy account. 


The efficiency of the air- 
screw is, of course, re whereas the efficiency calculated according 
to the momentum theory is 
KH, a 
(EK, + H,) 


The ratio of the two efficiencies is ee B58 that is about 
0°82 for both climbing and horizontal flight. It was shown in 
R. & M. 385 that the value of this ratio depends on the aero- 
dynamic efficiency and the effective pitch angle of the blade 
sections. The energy of rotation EH , due directly to the torque, 
is only about 3 per cent. of the total energy put into the airscrew. 


The energy losses which are not directly calculable, E,, are 
about 15 per cent. of the total energy, E. The value of the ratio 
ae 
Cee 25) appears to be more or less independent of the working 


conditions of the airscrew. 


A tandem combination with the airscrews roiated in opposite 
directions.—As stated earlier in the report, a commonly accepted 
op nion is that the efficiency of a tandem combination may be 
increased if the two airscrews are rotated in opposite directions, 
the rear airscrew taking out of the slip-stream of the front air- 
screw some of the rotational energy. From the analysis of the 
energy account of the airscrew it is shown that the energy in 
the stip-stream which is due to more or less regular rotational 
motion is of two forms, (a@) kinetic energy (E,) due to a regular 
rotational motion about the axis of the airscrew, and (b) the 
energy of regular. vortex motion (E,g). Viscosity will degrade, 
both in character and magnitude, these two motions, the break- 
down increasing with the distance from the airscrew. Also the 
two engines which are immediately behind the front airscrew 
will further disturb any regular rotational motion, At the 
region of the slip-stream of the front airscrew in which the rear 
airscrew is working it is to be expected that the kinetic energy 
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of rotation, as calculated from the torque, will not be greater 
than 3 per cent. of the total energy put into the front airscrew, 
so that, assuming the whole of this energy to be absorbed and 
balanced by the rotat’onal energy of the slip-stream of the rear 
airscrew, the resulting increase of the efficiency of the com 
bination would be greater by about 3 per cent. than that of a 
combination in which the airscrews rotate in the same direction. 
The magnitude of the energy of any regular vortex motion 
(E,4g) of the slip-stream of the front airscrew, at the vicinity of 
the rear airscrew, cannot be calculated with any accuracy. It 
is shown in the energy analysis that of the total energy put into 
an airscrew about 15 per cent. is dissipated in several forms, 
such as sound, heat, frictional, mechanical, pressure, eddying 
motion, vortex motion, the energy of any of these distinct forms 
not being a calculable quantity. The energy of the eddying 
motions would probably account for a large part of this 15 per 
cent., the various other forms of energy of group E,—including 
any regular vortex motion—making up the remainder. A 
matter of some significance is that it is unlikely that the whole 
of the vortex motion from the front airscrew will be taken away 
from the slip-stream by the superposition of equal and opposite 
vortices from the rear airscrew. 


It would appear then, that the efficiency of a tandem com- 
bination may be increased by about 3 per cent. if the airscrews 
are rotated in the opposite direction. 


APPENDIX, 


Since the present paper was written, the publication of R. & M. No. 371! 
—an investigation into the nature of the flow in the neighbourhood of an 
airscrew—has supplied some experimental data from which an analysis 
of the energy account of an airscrew may be made. 


The energy of translation, due to axial motion in theslip-stream, and 
the energy of rotation at a section of the slip-stream situated about one 
diameter behind the disc of the airscrew were calculated from the measured 
velocities of translation and rotation, at climbing speeds of the airscrew 
(V /nD = 0°63). 


Sum marising the results of the calculation, as in Table 3, it was found - 


Energy put into the airscrew =e ngs ad 3 
Useful energy 0°67E 
Energy appearing — as kinetic energy of 
translation in the slip stream ... O1LE 
Energy appearing as kinetic energy of 
rotation in the slip-stream ae se OLOSSE 
Other energy losses... ae see “ap GEES S 


The general conclusions of this report are therefore substantiated by 
this experimental evidence. It was also found that the ratio of the 
kinetic energy of rotation to the total energy put into the airscrew 
decreases with an increase of V /nD. 
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TABLE 1. 


ANALYSIS OF THE ENERGY ACCOUNT OF AN AIRSCREW. 
AIRSCREW PERFORMANCE AT THE MAXIMUM 
HORIZONTAL FLIGHT SPEED. 


V = 100 miles per hour. N= 15250 tpi: T = 575 lbs. 
Q = 860 lbs.-ft. Diameter of airscrew = 9 ft. 


Efficiency, 74-9 per cent. 


Value of Value of 


(as for Air- | (aq) for Air. | "°° | (ap ‘) h.p. /ft (2) h.p. /ft. 
(feet). dr screw ar screw Vv Tan -p. /it. oe : 

| (Ibs./ft.) (Ibs.) 
Aion) 199:0 287°0 0-069 3°64 0:42 
4:00 223°0 325°0 0-081 4°80 0°64 
3°50 238°0 353°0 0:097 6°13 1:10 
3°00 228°0 341:°0 0°108 6°55 1°63 
OK) 186-0 2770 0°104 o*15 1°84 
2°00 130°0 192°0 0:093 abla 1°73 
1:00 33°0 47°0 0:049 0°43 0°86 

E=205hp. E,=1534hp. E,=142hp. E,=46hp 
| E, = 328 h.p 
TABLE 2. 


ANALYSIS OF THE ENERGY ACCOUNT OF AN AIRSCREW. 
AIRSCREW PERFORMANCE AT CLIMBING. 


V = 60 miles per hour. IN =="15200'r7p- ms T = 810 lbs. 
Q = 880 lbs.-ft. Diameter of the airscrew = 9 ft. 


Efficiency = 64-5 per cent. 


Value of | Value of 
@ As (22) for Air | iy | (25 h.p. /ft. (a:) h.p. /ft. 

(feet). diy Peciew dr OW, 5s geben Ue wee dr 

(Ibs/ft.) (Ibs. ) 
4°25 300°0 315:°0 0:246 11°80 0:72 
4:00 330°0 356°0 0:280 14°80 1:08 
3°50 340°0 ry peri mG) 0:319 17°20 ae 
3°00 310°0 349°0 O235/, 16°70 2°36 
2°50 247°0 276°0 0°324 12°80 ae | 
2°00 173°0 188°0 0:292 8:10 2°38 
1°50 98:0 102°0 0):232 3°64 hesS 
1°00 40°0 39°0 0°153 0°98 0:93 


E = 201 hip. °:E, = 129: 


FIG.1. 
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TABLE 3. 


ENERGY ACCOUNT OF AIRSCREW. 


Horizontal Flight. Climbing. 

Energy put into airscrew sep eh FCA URE OMe Ba INS 201°0 =. 1°00E 
Useful energy e: -H, | 103°4 = 0°749E' )129°5 = 0°645E 
Energy appearing as kinetic energy | 

of translational in slip-stream E,| 14:2 =0°069E | 37-5 = 0:186E 
Energy appearing as kinetic energy 

of rotational in slip-stream ...E, 4°6 = 0°022E 6°5 = 0°032E 
Other energy losses Talia tos, 070. LGOK 27-55 02137 
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FORCES ON A PROPELLER DUE TO SIDESLIP. 


By R. G. Harris. 


Presented by the SUPERINTENDENT, Royal Aircraft Factory. 


Reports and Memoranda, No. 427. February, 1918. 


SumMarRyY.—(a) Introductory (veasons for inquiry)—The problem of 
the lateral force on a propeller due to a sidewind has been studied 
previously in Reports and Memoranda Nos. 80 and 123 (Technical 
Reports of the Advisory Committee, 1912-13 and 1913-14). The former 
report arrives at a formula which has been used in practice for the case 
of full throttle. The latter report proceeds to graphical integration. 
Both methods are based on model aerofoil forces, and are liable to errors- 
due to interference, inflow, air rotation, &c. 


(b) Range of investigation—The present method gives formule in 
terms of full-scale data, viz., thrust (T), torque (Q), revolutions per second 
(n), and advance per revolution (P). It is applied to the three forces 
and the three moments on the propeller. 


(c) Conclusions.—In the case of lateral force it is found necessary 
to make an assumption as to torque grading. This involves the above 
mentioned errors, and therefore implies a correcting factor. The final 
formula agrees accurately with the experimental observations over the 
whole range of values of reyolution speed in Advisory Committee Report. 
123. It has the advantage that it can be used under all conditions of 
flight, e.g., with engine throttled. The formula shows that the lateral 
force is proportional to the revolutions (m), to the sideslip(v,), and to 
the radius of the propeller (r,). 


Pitching moment does not involve a grading assumption. It is pro- 
portional to , vo, and 7,?. 


Thrust and torque are constant, while yawing moment and normal 
force are always zero, except in the case of a two-bladed propeller, when 
they oscillate about zero. 


(d) Applications and further develobments.—Calculations are being 
made on similar lines to determine the effect on the revolutions (m) of 
a change of forward speed (V).- This makes it possible to calculate the 
longitudinal stability derivative X, from full-scale data, and affects both 
longitudinal and lateral stability. 


1. Method of calculation.—Axes are chosen as follows :—The 
axis is along the propeller axis, while the y and z axes are at 
right angles to each other in the propeller plane, as shown in 
Fig. 2.. The y axis is horizontal, parallel to the y axis of the 
machine, while the z axis is the intersection of the propeller 
plane with the vertical plane through the propeller axis. 
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r is the distance of a blade element from the centre of the 
boss. 


C is the angle between the z axis and the blade at the moment 
under consideration. 


n is the number of prope ler revolutions per second. 


V is the speed of translation of the propeller along its own 
axis (ft. /sec.). 


W is the circumferential speed of the e‘'ement at r. 


T and Q are thrust and torque respect:vely on the whole 
propeller. 


t.dr and q.dr are thrust and torque respectively on the 
element under consideration. 


s.dr is the circumferential force on the element, producing 
torque. Thus gq =7rs. 


o is the percentage density of the air. 


Let 
V 
es P (advance per revolution). 
Tt —F and Q aaah s 
on? on? 


where F and G are functions of P only. 


Let ¢t.dr =a,s.dr=b. Also 


q 
g and — 


on” 


are assumed to be functions of P only for a ‘part cular etement. 
The increment in a due to any cause may be divided into two 
parts :— 


(1) due to the resulting change in revolution speed, 


(2) due to the resulting change in advance per revolution. 


Thus 
oa 5a oa 
da = sh dP + < dn = ae + dn 
Similarly 
ob db 4 es 
db = sp¢P + 5, Doe hae dP + 7 dn. 


The corresponding increments in thrust, torque, lateral force, 
normal force, yawing moment, and pitching moment are da, 
r.db, — cos C.db, sin C.db, r sin C.da, and — r cos C.da respec- 
tively (Fig. 2). Let one of these quantities be X.dr. Then the 
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present method consists in expressing the following integral in 
terms of the quantities F, G, n, and P, viz. :— 


2a Ty 
= | | X dr dC 
“aie 


where m is the number of blades in the propeller, and r, is the 
radius of the propeller blade. 


This gives the average value of a force (or a moment) per 


m 


revolution. In many cases & X.dr is independent of C; in 


other words, the force or moment concerned is constant through- 
out a revolution, and it is only necessary to evaluate 


| Nets 
2. Effect of side slip.Let v, be the velocity of side slip of 
the propeller. Then the increment in W is dW = w cos C. 


Assume that a change in W can be replaced in all respects 
by a change in », so far as a blade element is concerned. Thus 
the increments in inflow, interference, and air rotation are 
assumed to be the same for the change dn as for the change dW. 
This is the only permissible assumption on this point in the 
present state of knowledge, and is implied, though not stated, 
in Reports and Memoranda Nos. 80 and 123. It will not 
give strictly accurate results, but is probably much nearer the 
truth than the assumptions that are usually made in calculating 
thrust grading, &. Thus 


__ dn 0a rg COS Ca /e dence 
da = (—P 5 +24) = ( Po +24). dr (1) 


n W 
Similarly 
__ vcosG (4, og 9 9 
db = “0 ( pay a) - dr igh wire 


The effect of the radial component vy sin C is ignored. This 
effect corresponds to the laterai force due to an angle of yaw 
on an aerofoii of no dihedral, whereas the effect of v, cos C 
corresponds to the liit and drag due to increments in forward 
speed’and in angle of incidence. 


3. Thrust and torque—The increments of thrust and torque 
are seen from equations (1) and (2) to be of the form k, cos C, 
and k, cos C where k, and k, are constant for any particular 
element throughout a revolution. For any number of blades, 
x cos Cis zero. Thrust and torque are therefore aways constant. 


The conclusion is that v) does not affect V or n, which simpli- 
fies the subsequent work. | 
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4, Pitching moment (4-blader).—The increment in pitching 
moment is 


2 
AI tim rata gout Probes sus 1 aici 


ot 
—P— +2 , 
27n ( oP By : a 


For four elements, one in each blade, at the same radius r, 
x cos?C = 2. Also 


f T "5 t 1 oT 
fea a7 wa | ap @ jp 


O 


If | is the angle of yaw of the machine, the above equation is 
equivalent to :— 
wey tan Oy | Rosle dE) 


er 27 Pate Pi ete 


If | is small and is given in degrees, this is approximately equal to 


oV?y (F 1 dF) 
260ml bime2edb} 


Obviously equations (3) and (4) can also be interpreted as the 
yawing moment due to the propeller being pitched. 


Sign of M.—Equations (3) and (4) assume dW = + v, cos C, 
1.€., clockwise rotation of propeller as viewed by a person in 
front of the machine. With such a propeler the pitching moment 
has the opposite sign to vg, since 

P dk 


ie 3 aP 


is positive over the flying range of values of P. If the propeller 
rotates in the opposite direction the sign of M is changed, since 
in that case dW = — v) cos C. The sign can perhaps be more 
readily remembered as fol'ows:—In Fig. 2, vg increases the 
total value of W in the upper semi-circ’e, thereby increasing the 
thrust. Hence the pitching moment is numerically increased 
throughout the upper semi-circle and decreased throughout the 
lower, these changes being symmetrical about the origin. Thus 
the “‘ centre of thrust ’’ moves towards the point at which the 
side slip is parallel to the propeller’s own motion in the circum- 
ference of its circle. For example, in a tractor machine, with 
propeller rotating counter-clockwise, as viewed from the pilot’s 
seat, the propeller moves to the left at the top of its circle. 
Hence left side slipping raises the centre of thrust and vice 
versa. If this propeller is pitched upward, as for low speeds, 
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it has a component velocity a'ong the negative direction of 
OZ; this is the direct’on of the propeller’s motion at the left 
of its circle, hence the thrust moves to the left. This tends to 
turn the machine to the right. 


Zier we 


ae ere 

is of the order 6 for the propeller T.6296, hence M is of the 
order vg, say, 30 lbs. /ft. per 1° yaw when engine revolutions 
are 1,800 per minute, gearing ratio 2: 1, and speed is 80 m.p.h. 


Since F is proportional to r,?, it follows that M varies as 
Ns Vy, dNdery 


5. Pitching moment (m — blader).—For m blades, the value 
of & cos?C is not constant throughout a revolution, but periodic, 
un'ess m is a multiple 4. The average value of cos?C for each 
blade per revolution is 


l 2m : 
x= | eos’C dC = t. 


Tv 


Hence the average value of M for one blade is 


a T 
i a (2r — PS), since | tdr = 


4mrn oP . m 
For m blades the average value of M is thus 
NV, { FP P d¥’) 


pore [sso Deed Bal 
which is the same expression as for the constant moment of a 
four blader. 


For a two blader the maximum value of M is twice the above 
expression, and occurs twice throughout a revolution, at the 
instants when the propeller is “ vertical.” 


6. Lateral force. (4 blader.)—The increment in lateral force 
is 
V, cos?C 


0 
— d¥ = cos C db = ae Dies i 24) dr. 


For four elements, one in each blade, at radius r, 
0 
vee att (a- is s) sar. 


Thus the lateral force is constant throughout a revolution. 
Before this equation can be integrated, gq must be expressed in 
terms of r, 2.e., a torque grading curve must be assumed. Assume 
that q/r, the circumferential resistance per foot run is zero from 
r= 0 to.r=rf,, and is: constant froma =<75°10 7 = 1), “where 
r, 1s the total radius of the propeller. q/r varies as shown in- 
Fig. 3. 
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With this assumption 


ry ) 
[Sar = 20, ee 
(¢) bee 


9° 


ry CS To" 


and 


iF 1 3q lp =2 0 log (71 /To) 


72 SP’ 1 ae ee 


where Q, is the torque on one blade. Thus 4Q,=Q. The 
lateral force on the whole propeller is therefore :— 


__ GNVy eo (r/o) { P dG 
= ie T fap) as PEEY Aside rea) 
_ oV? tan y — (ry /ro) {G_ 1 dG| (6) 
TT Ha aay oe {bl oP : 


If J is expressed in degrees, Y is approximately 


oV2h log (ry /ro) (G1 dG) (7) 
ESO Gee ros [pe 2 dPJ e ° ° 


Obviously this force can also be interpreted as the lift on a 
propeller due to an angle of pitch. In each case the force is 
measured perpendicular to the propeller’s axis. 


The force is in the direction of the relative lateral wind. 
When the propeller rotates as in Fig. 2, dY is equal to —.cos C.db, 
where db is proport onal to + v, cos C. If the propeller rotates 
in the opposite direction, dY is equal to + cos C.db, and db is 
proportional to — v,.cos C. Thus Y has always the opposite 
sign to vy. The propeller therefore acts like a fin, so long as 


P dG 
Cina. gp 


is positive, as is usually the case. 


A similar expression holds for the average lateral force in 
the case of m blades, but the force is periodic instead of constant. 
For a two-blader, the maximum is twice the average, and occurs 
twice per revolution, when the blades are “ vertical.” 


7. Value of (ro/ry) from experiments.—The value of (79/7) 
‘may be obtained by comparing the calculated results with experi- 
ments. National Physical Laboratory experiments are described 
in Reports and Memoranda No. 123, 1913-14, p. 287. Table 4 
of the report gives the measured lateral force at various angles 
ot yaw, when the wind speed is 30 ft. /sec., while the first part of 
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Table 1 gives the torque for various values of n at 30 ft. /sec. 
The torque is given in the form of a torque coefficient 6; thus 
the torque in lbs. /ft. is 


Qi ,0-00237 Et BUA Oe) leo: 
cs G = 17-1 b |n?. 


The values of G, as calculated in this way, are shown plotted 
against P (advance per revolution) in Fig. 4. From this diagram 
Table 1 below is obtained. 


For purposes of comparison, the results for 5° yaw are 
plotted against n (at 30 ft./sec.), as in Fig. 9 of the above- 
mentioned. report. It is evident from Fig. 5 below that the 
calculated curve agrees well with the observed values if (7 /r,) 
is taken as 0-175. This gives the formula 
ae 


P dG 
= (ge eee 


If q were estimated as for torque grading, the ratio of 
4Q to | = dr 


would probably differ from 1:8, owing to the errors in the 
assumptions made in estimating gq. Thus the value 1-8 includes 
a correction factor to the theory. 


eum Hig. 6, 


is plotted against “* ” indicating the percentage difference that 


would be made in ie estimated value of Y if a different value 
of (ro /r1) were adopted. 


~ The value of G — a ashe is roughly constant at various values 


of the advance per revolution. For propeller T.6296 it is of 


the order 7, hence Y is of the order ae, or, say, 5 lbs. per 
1 


1° yaw when the engine revolutions are 1,800 and the air speed 
is 80 m.p.h. It will be noted from formula (8) that the lateral 
force is directly proportiona! to the diameter of the propeller 
(since G involves r*), to the density, to the speed of revolution, 
and to the speed of side slip. 
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8. Values of (ro /r,) from calculations.—Values of ry /r, have 
also been found from torque grading for propellers T.6296 (R.E.8) 
and T.28,066 (S.E.5), and are as follows :— 


T.6296, 1, /7, = 0:282 at top speed (V /n = 9-2). 
fit = 0-250 Chimnbing ato0 mp. Wey jt == 0:5), 
T.28,066, 7, /ry = 0-250 at top speed (V /n = 5:9). | 
1) /Ty = 9-260 climbing at 60 m.p.h. (V/n = 3:5). 


These values, of course, have still to be corrected for errors 
in assumptions. The corresponding values of the numerical 
factor in equation (8) would be : 


1-38, 1-38, 1°48 and 1-44 respectively. 


This shows that, for the same propeller, these factors are approxi- 
mately the same under the very divergent conditions of climbing 
and flying level at top speed. This agrees with the fact that 
the constant factor 1-8 in equation (8) produces good agreement 
between experimental and calculated results for the model pro- 
peller. Moreover, the uncorrected factor is very nearly the same 
(say, 1-42) for the two very different propellers mentioned above. 


It will be assumed meantime that the true factor is also the 
same (1-8) for different propellers. This involves a correction 
factor of about 27 per cent. for the two propellers mentioned 
above. Further experimental evidence may modify this 
assumption. 


9. Normal force and yawing moment.—The increment of normal 
force on an element is 


ie: __ U% sin C cos C iS =e) 
UZ, = sin C db = 0S . (24 Bean 


The increment of yawing moment is 


dN =r sin C.da = sins’ cos © (2 _ pot ). dr. 
2rn og 


m 


Except in the case of a two-blader, & sin C cos C is zero, 1.e., 


0 


there is no normal force or yawing moment at any time. In 
the case of a two blader, both these quantities oscillate about an 
average zero value, which occurs when the blades are horizontal 
or “‘vertical.”?” The maximum and minimum values of & sin C cosC 
are numerically equal to the average value of X cos?C per 
revolution ; therefore, the maximum and minimum values of 
Zand N are numerically equal to the average values of Y and M 
(see equations (5) and (3) above). Two maxima and two minima 
occur in each revolution, when the blades are in a diagonal 
position. 
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10. Collected results. 


Let 0 be the angle of incidence of the wings, 
., « be the angle between w.ngs and propeller, 
and Av Ota 


Let X, Y, Z, L, M, N, represent the propeller forces and 
moments with respect to, the usual stability axes, v'z., axes 
through the C.G. a'ong and perpendicular to the wind direction 
when the angle of yaw is zero. Let 2x, and z, be the co-ordinates 
of the propeller’s centre with respect to the C.G. measured along 
and perpendicular to the propeller’s axis. Then the co-ordinates 
of the same point with respect to the stability axes are :— 


0 220, C08 Ae 2pm OAs 
2 == 27-008 A = 2, Sita: 


Let K represent | 
ssa sy peitac gees 

Ter eee | Di ale { 

where & is the numerical factor of equation (8) taken meantine 
as 1-8. Let J represent 


oY [p_ P dP | 
2G Baki res dP | 


Then, when the angle of yaw is zero, the propeller forces and 
moments are T, Q, lift = K tan A perpendicular to the pro- 
peller’s axis, and yawing moment = + J tan A about an axis 
in the propeller plane. When there is an angle of yaw y, there 
are, in addition, a lateral force = — K tan vy, and a pitching 
moment = + J tan J. When these are compounded about 
stability axes, the following results are obtained. Where a 
double sign is given, the upper sign refers to the case when the 
propeller rotates clockwise, as seen from the front of the aeroplane. 
(T and Q are the numerical values of thrust and torque). 


Angle of Yaw Zero. Ae Se eee of 
: K sin?A — T cos?A 
xX are (K sin?A — T cos?A) | 0 
a6 0 — Ktan y. 
y sin A (K + T) 0 
1 
1, re (+ Ocos?A + J sin?A) zK tan wv. 
M — Tz, —KtanAvz, - Jtany 
N sin A (+ QO + J) —xKtan 
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* S$ dr= db. 
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TABLE 1. 


CALCULATED VALUES OF LATERAL FORCE FOR THE 
PROPELLER DESCRIBED IN REPORTS AND MEMO- 
RANDA No. 123 (DIAMETER 2’). 


Angle of Yaw 5°. Wind speed 30 ft. per sec. 
18% _ 1:8 x 30 x tan 5° 
Thee a 3°14 
= 1-504. 
Lateral Force = 
P dG 
Ms Z ERR IN Fe eon {a—Z oe} 
1 30°0 0-001,33 0:0600 
se 25:0 0°001,32 0:0495 
1-4 21°4 0-001 33 0:0429 
1°6 18°7 0-001 ,56 0:0439 
1°8 16°7 0:001,92 0:0483 
2°0 15:0 0:002,16 0:0489 
B3828n 
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SOME NOTES ON THE CALCULATION OF THE 
WORKING STRESSES OF AN AIRSCREW. 


By A. Fagan, A.R.C.Sc., and H. E. CoLiins. 


Reports and Memoranda (New Series), No. 420. March, 1918. 


SumMaRy.—(a) Introductory (reasons for inquiry).—The calculation of 
the working stresses of an airscrew is a matter of some importance im 
view of the large aeroplane engines now in use. Unfortunately, the 
problem is of great complexity and is further complicated by the hetero- 
geneity of the physical properties of the material from which the airscrew 
is constructed. An endeavour is made in the present paper to illustrate 
the limitations of the ordinary theory of bending and to demonstrate the 
need for a rigid investigation of the subject. 


(b) Range of the investigation—Assuming the engineer’s theory of 
bending to be applicable—the uncertain character of such an assumption 
is fully recognised—a general method of calculating the stresses, which 
is suitable for the drawing office, has been evolved. The “‘ approximate ” 
method commonly used in the drawing office is considered. The theory 
is illustrated by an application toa particular airscrew. The method 
of reducing the maximum compressive and tensile stresses by inclining 
the tip of the blade forward relatively to the boss of the airscrew is con- 
sidered in some detail. . 


(c) Conclusions.—It is shown that an accurate calculation of the 
bending moment stresses cannot be made on the basis of the engineer’s 
theory of bending. Regarding the method of stress calculation of the 
paper as a standard—the method is admittedly inaccurate—the “‘ approxi- 
mate ’’ method of the drawing office may occasionally give very mis- 
leading results, especially when the resultant bending moment makes an 
angle of about 90° with the chord of the blade section. It is shown that 
the maximum stresses at any blade section may be considerably reduced 
by lifting the tip of the blade forward relative to the boss so as to intro- 
duce such a bending moment due to centrifugal force that the resultant 
bending moment on the section is at right angles to the chord. Such 
an adjustment is, of course, only possible at one value of the ratio of the 
translational and rotational speeds. Also the desirability of adopting 
such a method of reducing stresses must depend largely on practical 
considerations. 


(d) Applications and further developments—The need for a more rigid 
and complete investigation of the distribution of stress in the blade of 
an airscrew is demonstrated. Such an investigation would be of great 
utility if a reliable approximate method of stress calculation, of sufficient 
flexibility as to be readily adaptable to drawing office methods, could be 
extracted. 


The calculation of the working stresses of an airscrew is of 
some importance, in view of the large horsepowers which are 
absorbed in some modern airscrews. Unfortunately, a rigid 
solution of this problem is a matter of extreme difficulty, even 
if the want of homogeneity of the physical properties of the 
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material from which the airscrew is constructed, were ignored. 
The calculations of the present paper have been made on the 
basis of the engineer’s theory of bending, although the doubtful 
character of such assumptions, when applied to such a complex 
problem, is fully recognised. In fact a direct application of the 
ordinary theory of bending illustrates its limitations, and demon- 
strates the need of a further investigation. of the subject. In 
spite of the time and labour involved, it is thought that a com- 
plete investigation could be made with advantage, especially 
if a reliable approximate method of stress calculation, of sufficient 
flexibility as to be readily adaptable to drawing office methods, 
could be extracted. Moreover, when the difficulty of the problem 
is fully realised, there is a certain amount of antipathy to 
“ approximate ”’ methods, unless the degree of approximation 
has been definitely established from a comparison with more 
rigid methods. 


In a complete investigation of the stresses of an airscrew 
consideration would need to be given to (1) the aerodynamic 
loading, the magnitude of which is a function of the speed and 
the attitude with which the blades meet the air; (2) the centri- 
fugal loading, which depends on the rotational speed, shape, 
and size of the airscrew; (3) the inertia loading due to any 
unsteady motion of the aeroplane, e.g., linear and rotational 
accelerations, and gyroscopic vibrations. 


In the present paper the field of investigation has been 
limited to the steady rectangular flight of the aeroplane, and so 
only the aerodynamic and centrifugal loadings are considered. 
Regarding the blade of an airscrew as a cantilever, the resultant 
force at any section, due to the loading on the outer part of the 
blade can be completely expressed by three forces and couples, 
defined with reference to rectangular axes. igs. | and 2 give a 
sketch of a section of the blade with the principal axes OX,, 
OY, and OZ, shown in position—the axis OZ, passes through 
the C.G. of the section at right angles to the plane of the paper. 
A second set of rectangular axes is OX, OY and OZ, where OX 
passes through the C.G. of the section and is parallel to the chord. 
The direction of rotation is given by OA and the direction of 
translation by OC. 


The aerodynamic loading at the section may be completely 
represented by :— | 


(a) A bending moment, M,, about the axis OA due to 
the thrust. 


(6) A bending moment, M,, about the axis OC due to the 
torque. 

(c) A twisting moment, M,, about the axis OZ (or OZ,) 
due to the resultant of the air force on the outer part 
of the blade not passing through OZ. ‘The twisting 
moment M, is difficult to calculate, but can be made 


¢ 
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small by suitably designing the airscrew. Even if the 
value of M, were known the torsional stresses of such 
an irregular shaped body could only be approximately 
calculated with some difficulty. No account is taken 
of M, in the present investigation. 
(d) A shearing force, F,, across the section. This shearing 
force is probably small, but it is worth noting that 
as a consequence of I, there is a shearing stress in 
the plane of the glue joints. 


(e) An air force acting at right angles to the section. 
This force is due to any radial air flow along OZ, 
and is the result of any divergence from a two dimen- 
sional airflow. No further account need be taken of 
this force which is very small. 


’ If the line passing through the C.G. of the outer portion of 
the blade at right angles to the axes of rotation does not 
coincide with the radial line OZ, the centrifugal loading at the 
section may be completely defined by :— 


(a) Bending moments M, and M’, about the axes OA and 
OC respectively, and a twisting moment about OZ. 
The twisting moment will always be small, especially 
for the sections at the tip, and can be neglected. 


(b) A tensile force, F, acting along OZ. 


(c) A- shearing force, F,, acting across the section. This 
shearing stress is small and may be neglected at the 
outset of the investigation. 


Calculation of the Stresses at a Section. (Method A.)—The 
loading at a section has therefore been reduced to a bending 
moment (M,-+M,) about the axis OA, a bending moment 
(M, + M’,) about the axis OC, and a tensile force F acting at 
right angles to the section. The methods of calculating the 
values of M,, M,, M, and F are given later. 


~— 


The resultant bending moment M on the section is :— 


4/(M, + M,)? + (My, + M’,)?, 
the axis of the moment making an angle Y with OA where 
tan ‘Y= at ae and an angle 4 with the principal axis OX,, 
where . = (VY — 0 — ®), and 
0 = blade angle of the section, that is the angle which 
the chord of the section OX makes with the direction 
of rotation OA ; 
@ =the angle between the principal axis OX, and the 
chord of the section OX. 


To find the neutral axis of the section.—The resultant bending 
moment M is first resolved into the two components M.cos A, 
and M.sin A, about the principal axes OX, and OY,. 
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If 


I,, = moment of inertia of the section about the principal 
AXIS A 
and 
I,, = moment of inertia of the section about the principal 
axis OY,, | 
then, according to the ordinary theory of bending, the stress at 
any point P of the section, of which the co-ordinates are 4, 
and y, will be 
M.cosa.y, M.sina.x, 
1 eee 


a) 


The stress at any point on the neutral axis will be zero, so 
that the equation of the neutral axis is 


1 
Ura TS tan A.2, 


Yo 


Hence, the neutral axis is inclined at an angle 3 to the 


principal axis where tan 6 = a tan A. 
Uo 

It should be noticed that the neutral axis of the section 
can only be found by resolving along the principal axes. For 
any other axes the stresses due to the bending moment about 
one axis will produce a bending moment about the other axis, 
because the product of inertia about such axes is not zero. The 
maximum tensile and compressive stresses of the section will 
occur at those points which are the greatest distances from the 
neutral axis, such distances being obtained directly by inspection. 
If y, and y, are the maximum distances from the neutral axis 
of points on the periphery of the section, y, being measured 
on the left-hand side of the axis of the bending moment looking 
in the direction of the arrow (see Fig. 1), then the maximum 
compressive and tensile stresses due to the resultant bending 
moment M are 

M.cos (A — 8) y, ‘: M cos (A — 8) y% 
(I,, cos? 3 + I, sin?3) “"" (1, cos? 5 

respectively. If A represent the area of the section, the tensile 


wa (fi 
stress across the section due to the centrifugal force, F’, is fe . 


so that the maximum compressive and tensile stresses on the 

section are 

Mos (A — 8) Vee ML SO8 8) a sara | 
(I,, cos?5 +1, sin?S) Af sn (I, cos?é +I, sin?3) ~ Aj 

respectively. 


It can easily be shown that the bending stresses as calculated 
above are those which would be called into being by the total 
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bending moment M. It has already been shown that the stresses 
will produce a bending moment M.cos (A — 5) about the axis 
ON. It is now proposed to show that they will produce a bending 
moment M.sin (A — 5) about the axis ON,. 


Thus, if » and n, be the co-ordinates of a point in the section 
referred to the axes ON and ON,, the stress at the point as cal- 
culated above is 


__M.cos (A — 8) my 
(I, cos? § +1, sin? 8) 
The bending moment about the axis ON, of the stresses in the 
section 1s 


Xo 


M.cos (A — 8) n,.n.dA 
ma | (1, cos? 6 + L, sin? 3) 
but 
N, = (y,.cos § — x,.sin 8) 
and 
nm = (X,.cos § + y,.sin 8) 


so that the bending moment about ON, 


M.cos (A — 8) 3 oe, % 
== aiid. coke Fae ie mele — x,") sin 6 cos 8-}- x,y, cos 25] dA 
an M.cos (A — 8) (L, — I,,) sin $ cos 8 

(1, .cos? ab Ly Asin ee 


I, 
M. cos (a — 8) (* = 


= 
& cos 6 + tan 3) 


= —M.cos (A — 9) tan (8 a A) = M.sin (A — 8) 


[ 
since tan 6 = ie) tan A. 
Ly 


Hence the stresses as calculated above would be produced by a 
bending moment M, the axis OB of the bending moment making 
an angle with the principal axis OX. 


The above method of calculating the stresses will be referred 
to as “‘ Method A.”’ 


A second method of calculating the stresses. (Method B.)— 
The present paper considers the merits of a simpler method of 
stress calculation—-Method B—in which the stresses are cal- 
culated from the component of the resultant bending moment 
about the axis through the centre of gravity of the section 
parallel to the chord. 


In this case the maximum aie stress 


; eae COS: (A 0) y < 


i. A 
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and the maximum tensile stress 
oe (COs. (alae Oo) Beer al 
zs ies TA 


I,, = moment of inertia of the section about an axis OX 
through the C.G. parallel to the chord ; 


and y’, and y', are the maximum distances of points on the 
periphery of the section from this axis, y’, being measured on 
the left-hand side of the axis of the bending moment, 

M.cos (‘tf —9), 
looking in the direction of the arrow. (See Figs. 1 and 2.) 


A detailed calculation of the stresses of an airscrew.—It is now 
proposed to illustrate the general theory by a detailed calculation 
of the stresses of an. airscrew. A sketch of the two-bladed 
airscrew on. which the calculations are made is shown in Fig. 3. 
The airscrew has a diameter of 9 ft., the blade angle varying 
from 14°-1 at the top to 40°-55 at the section next to the boss. 
The blade is so shaped that the tip sections as viewed.from 
the tail of the machine are lifted forward relatively to the boss, 
so that the bending moment at any section due to the thrust 
is partly balanced by a bending moment due to the centrifugal 
force acting on the blade. The centre of gravity of each blade 
section is in a plane passing through the axis of rotation, so that 
the bending moment M’, about the axis OC and also the twisting 
moment about the axis OZ—both due to centrifugal force—are 
each zero. With this design of airscrew the twisting moment 
M about OZ at any section of the blade, due to the air force 
acting on the outer portion of the blade, is probably small at 
the working speeds of the airscrew and has been neglected in 
the present investigation. 


where 


A collection of data calculated from the shape of the blade 
sections is given in Table I. 
If c = length of the chord of a blade section 
oc = maximum thickness of the section 
A = area of the section 
T,, = moment of inertia of the section about an axis through 
the C.G. parallel to the chord 
I, = moment of inertia of the section about an axis through 
the C.G. at right angles to the chord. 
D = product of inertia of the section about these axes. 
Z = height of the C.G. of the section above the chord. 
With good accuracy, 
AS ==0- 72062 
I, = 0-0490%c4 
L, = 0:0430c4 
Z = 0-40c¢ 
1D 0-0 16*c4 
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so that the moment of inertia of the section about any line 
passing through the C.G. and making an angle 0, with the chord 
of the section is I where 


I = 0-04903c4 cos*0, + 0:0436c4sin*0, — 0-0167¢?sin 20). 


From the above equation the position of the principal axes and 
the magnitude of the principal moments of inertia’ I, and I,, 
can be calculated. 


Calculations of stress were made for two conditions of 
loading :— | 
(a) At the maximum horizontal flight speed of an aero- 
plane of 95 miles per hour, the rotational speed of the 
airscrew being 1,375 r.p.m., the thrust 350 lbs., and 
the torque 470 lbs.-ft. 
(b) At a climbing speed of 57 miles per hour at which 
the values of the rotational speed, thrust and torque 
are 1,230 r.p.m., 500 Ibs., and 490 lbs.-ft. respectively. 


The stress calculations for the case of the maximum hori- 
zontal flight speed are given in detail, but in order that the 
report may not be overburdened only a table of the airscrew 
stresses when the machine is climbing is appended. 


The calculation of the values of M,, M,, M,and F.—The thrust 
grading curve for the airscrew blade at the forward speed of 
95 miles per hour is given in Fig. 4. The thrust-grading curve 


; oT 
gives the intensity of loading due to the thrust re and is 


constructed from the aerodynamic data of the blade sections. 
The thrust on the part of the blade outside the radius R is 


D 
g ol Woe , 
ie Pe) dr and is directly obtained from an integration of the 
R 

thrust-grading curve, see Fig. 5. In a similar manner since 


D 
Me |" Tdr, the bending moment of any point of the blade 


R 
is obtained from the integration of the curve of Fig. 5. The 
bending moment curve is given in Fig. 6. The bending moment 
due to the torque M, may be obtained in a similar manner, 
although at the outset a load-intensity curve—the loads being 
due to the torque—should be constructed from the torque- 
grading curve. The diagram of M, is given in Fig. 10. 


The centrifugal force at any section distance R feet from 
: 3 2xN\?2 

the airscrew axis = | Ardr.w. Wena ee where N is the 
R 

rotational speed in revs. /min. and w is the mass density of wood. 


In the present paper w is assumed to have the value of 595 


slugs per cubic foot. 


447 
Hence the centrifugal force, F lbs., at the section distance 


D 
R from the axis of rotation = 0:01425 N?2 |’ Ardr. The 


R 
curve of Fig. 11 gives the value of (Ar) plotted against r, from 
which the values of F have been calculated. (See Fig. 12 and 
Table 2.) The bending moment, M, Ib.-inches, at a section, 
due to the centrifugal force acting on the outer part of the 
D 


blade = — 0:01425 N2(* A.r.dr. x, where 2, is the distance, 


R 
in inches, of the centre of gravity of the section at the radius 
r, from the plane passing through the centre of gravity of the 
section at radius R at right angles to the axis of the airscrew. 
The method of calculating the value of M,, for the section 
R = 1-23 feet is illustrated by the curves of Figs. 13 and 14. 
(See also Table 3.) 


Discussion of the data of the stress calculations made on the 
awrscrew.—Calculations based on methods A and B were made 
of the maximum compressive and tensile stresses at a section 
due to the combined effect of the centrifugal force and the 
resultant bending moment—the latter being compounded of 
the bending moments due to the thrust, torque and centrifugal 
force. The data of these calculations are collected in Tables 
4 and 5. 

No attempt has been made in the present paper to calculate 
the distribution of shearing stress in the blade. The shearing 
force at any section of the blade is balanced by a shearing 
stress across that section, which will also be accompanied by a 
shearing stress in a plane at right angles to the section, whence 
it follows that the glue between the lamine is in shear. Shearing 
stress may be of some importance in an airscrew which is 
vibrating considerably under load ; the fluctuations of the shear- 
ing stress introducing sliding between the lamine will result in 
the heating of the glue, and occasionally in the fracture of the 
airscrew. 

The following conclusions may be drawn from a study of the 
data of the stress calculations of Tables 4 and 5. 

(a) An accurate calculation of the bending moment stresses 
cannot be made on the basis of the engineer’s theory of bending. 


This conclusion may perhaps be partly substantiated by a 
reference to Figs. 15 and 16, which give isometric sketches of 
the neutral surface of the blade for the two working conditions 
of the airscrew for which the calculations were made. If the 
engineer’s theory of bending were applicable to the present 
problem, then the neutral surfaces would be as shown in these 
figures, but with such twisted surfaces as these it is extremely 
difficult to imagine the blade bending in a manner which could 
be specified completely by such a simple law. The problem is 
further complicated when the want of homogeneity of the 
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physical properties of the material from which the airscrew is 
~ made, is taken into consideration. The sinuosity of the neutral 
surfaces of the figures is such that they must occasionally cut 
across the wood fibres, that is the stress in such fibres must 
change from tensile to compressive at the neutral surface—an 
indication of the existence of a somewhat complex state of stress. 


Unfortunately, the inaccuracies of the simple theory of 
bending as applied to the present problem can only be deter- 
mined from a comparison with a more rigid method. 


(b) The magnitude of the resultant bending moment may 
be considerably reduced by inclining the tip of the blade forward 
in the direction of translational motion, and so balancing the 
bending moment due to the thrust by a bending moment due to 
the centrifugal force. 


At any section of the blade the value of the ratio of the 
bending moment due to the thrust to the bending moment due 
to the centrifugal force will vary with the value of V /n at which 
the airscrew is working, so that a complete balance between 
these two bending moments is only possible at one value of 
V/n. Whether it is desirable to incline the tip of the blade 
forward relatively to the boss will largely depend on practical 
considerations. 


(c) The discrepancy between the stresses as calculated from 
the two methods A and B may be large, especially when the 
angle between the principal axis OX, and the axis of the 
resultant bending moment is large. 


_ The conclusions (b) and (c) are considered in more detail 
below. 


The accuracy of the stress calculation of method B as compared 
with method A.—It has already been pointed out that there is 
no accurate, and at the same time, simple, method of calculating 
the working stresses of an airscrew. It is believed that the 
method of stress calculation commonly used in the drawing 
office is similar to method B, in which the resultant bending 
moment is resolved in the direction of the chord, and the moment 
of inertia is taken about an axis through the centre of gravity 
of the section parallel to the chord. Assuming the simple law 
of bending to be applicable to the case of an airscrew blade, 
then the method A may be regarded as a standard with which 
to compare the accuracy of “ approximate ’’ methods, such as 
the method B. 


Accordingly, to obtain some idea of the relative merits of 
the methods A and B, calculations of the maximum tensile and 
compressive stresses were made on two types of blade sections, 
for which the values of the ratio of the maximum thickness to 
the chord length were 0-10 and 0-25, these two shapes repre- 
senting sections of the blade at the tip and boss respectively. 
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Sketches of these two blade sections are given in Vig. 17. The 
data of these calculations are given in Tables 6 and 7 and are 
shown graphically in Figs. 18 and 20, in which are plotted the 
values of the ratio of the stresses—both tensile and compressive 
—as calculated from both methods against the value of (¥ — 9), 
the value of |, which is the angle between the direction of the 
resultant bending moment and the direction of rotation, varying 
from 0° to 180°. It is seen that for certain values of the angle 
(J — 0) the method B gives results which are greatly different 
from those of method A, the percentage discrepancy being 
greatest of course when (lb — 0) = 90°, since the resultant bend- 
ing moment is at right angles to the chord of the section, so that 
the stress calculated according to the method B has a zero value. 
The values of the maximum stresses are small, however, when 
() — 0) = 90°. When the axis of the resultant bending moment 
makes an angle ranging from, say, — 20° to + 30° with the 
chord of the section, and the method B of stress calculation 
is used, the maximum compressive stresses will be in good 
agreement with those calculated from the more accurate method 
A, whilst the maximum tensile stresses will be under estimated 
by about 20 or 30 per cent. It will be noticed that for the 
values of (J —9) outside the range, the method B when 
compared with method A, may be very misleading. 


The variation of the stresses in the blade with the bending 
moment due to the centrifugal ferce—lIt is now proposed to show 
how the maximum values of the compressive and tensile stresses 
of a blade may be reduced by lifting the tip of a blade forward 
relative to the boss, and so balancing the bending moment due 
to the thrust by a bending moment due to the centrifugal force 
acting on the outer portion of the blade. Calculations were 
made on the two types of blade section shown in Fig. 17, assum- 
ing in each case appropriate values of M,, M, and 9. The varia- 
tion of the bending moment due to centrifugal force M,, was 


= M, 
such that the angle W, that is tan (aes ), ranged 
ANE, F 


from about 20° to 150°. The data of the calculations are given 
in Tables 8 and 9, from which the curves of Figs. 19 and 21 
were constructed. It will be seen from the figures that the 
maximum stresses—assuming, of course, the validity of method 
A—may be considerably reduced by suitably designing the air- 
screw so as to introduce such a bending moment due to 
centrifugal force that the resultant bending moment on the 
section is at right angles to the chord, such an adjustment of 
‘the relative values of M,, M, being only possible at one value 
of the ratio of translational and rotational speeds. Whether 
such a method of reducing the working stresses is of value can 
only be fully determined when the magnitude of the inaccuracy 
of the present method of stress calculation is known and practical 
considerations of design and manufacture are taken into account. 
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TABLE 2. 
Centrifugal Force at Bending Moment due to 
Distance of eD Section Centrifugal Force 
Section from 2 (Ibs.). (Ib.-ins. ). 
Airscrew Axis. | ArDr eR alt 
» N = 1,375 | N =1,230 | N=1,375 | N = 1,230 
R. in ft. (Ft.)4 r.p.m. r.p.m. r.p.m. r.p.m. 
3°72 0:036 972 778 A fos 143 
3°15 0-081 2,170 1,740 745 596 
2°48 0-135 3,650 2,920 1,940 1,550 
1°69 0-190 5,130 4,120 4,100 3,280 
1-23 0-211 5,700 4,560 5,470 4,370 
TABLE 3. 


CALCULATION OF BENDING DUE TO THE CENTRI- 
FUGAL FORCE FOR SECTION. 


Beale eae 


Rotational Speed = 1,375 R.P.M. 


Distance of 
Element from 
Axis of Airscrew. 


(Feet. ) 


1:23 
1°50 
1°69 
2°00 
2°25 
2°48 
2°75 
3°15 
3°50 
O72 | 
3°90 
4°10 
4°28 
4°50 


(Lbs. /ft.) 


(Z-) 


1,115 
1,380 
1,530 
1,785 
1,975 
2,130 
2,240 
2,250 
2,080 
1,840 
1,620 
1,350 
960 

0 


Value of 2. 


(Inches. ) 
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TABLE 8. 


THE VARIATION OF THE STRESSES IN A BLADE 
SECTION WITH THE BENDING MOMENT DUE TO 
CENTRIFUGAL FORCE, M,.. 


Calculations made on an aerofoil section for which 


eS mae een 
chord length 
Length of chord taken to be 7”°3. Value of 8 taken to be 20°. 
I,, of section = 0-130 (inch)*. I,, of section = 12-23 (inch)*. 
® of section = 1-35°. 
Value of M, assumed to be 200 Ibs. -ins. 


Value of M, assumed to be 800 Ibs.-ins. 


tan) = Me 
(M,, -+ M,) 

Value of Value of Value of Value of Maximum Stresses due to 
Wy. (Mr + Mr) Mr. M. M. lbs. per sq. inch. 

(Degrees. ) (Lhs.-ins.) (Lbs. -ins. ) (Lks.-ins. ) Compressive. Tensile. 
10 1,135 + 335 1,150 3,650 - 3,260 
20 550 — 250 585 1,900 1,700 
30 350 — 450 400 1,280 1,150 
45 200 — 600 285 835 775 
75 + 54 — 746 205 375 375 
Book) 0 — 800 200 230 250 
100 — 35 — 835 205 125 165 
106 — 57 — 857 208 65 105 
110 — 73 — 873 215 70 70 
114 — 89 — 889 220 90 60 
120 — 115 — 915 230 125 135 
130 — 170 — 970 260 215 300 
145 — 285 —1085 350 480 660 


S 
(¥—@)° 


bending loo 


I, an 
Ix is t 
Yc an 
on the left 


A COMPARISON OF THE STRES SES AS CALC 
a) 


Calculations made on an ae 


Length of the chord taken to be 5”-2. 
[,, of section’ = %7 
Moment of inertia of the 


Moment | * 
of 
=> Inertia 
— Ce) 
a) | | of bert 
S ges | | Yc Ye Section | ¢ 
v | tan 5° ee Ress | SOULGA |) ae 
oes | ieee (in.). (in.). the 
ead ics) i © | Neutral 
H : Axis 
| | ; | (In.)*. ( 
| | 
0 |— 40 |— 43-6 |— 3-65 | 0-767 | 0-790 | 0-520 | 0-559 
10 |— 30 |— 33:6 |— 2-65 | 0-858 | 0-780 | 0-565 0+543 | 
20 |— 20 |— 23-6 |— 1-70 | 0-928 | 0-770 | 0-595 | 0-536 | 
25 |— 15 |— 18-6 |— 1-30 | 0:955 | 0-760 | 0-605 0-525. | 
30 |— 10 — 13-6 — 0-95 | 0-976 | 0-750 | 0-620 0-533 
35 |— 5!— 8-6 |— 0:60 | 0-990 | 0-750 | 0-630 0-532 
40 | 0;— 3:6 |— 0:25 | 0-998 | 0-745 | 0-645 | 0-531 | 
45\;+ 5/+ 1:4 )+ 0:10 | 0-999 | 0-735 | 0-665 0-531 
50 10 6-4 0-45 | 0-995 | 0-735 | 0-675 0-532 | 
60 20 16-4} 1-10 | 0-965 | 0-725 | 0-700 0-534 
75 35 dl-4 | 2-35 | 0:874 | 0-715 | 0-740 0-544 
90 50 46°4 | 4-05 | 0:739 | 0-705 | 0-805 0-567 
105 | 65 61-4 7°00 | 0-582 | 0-690 0-910 0-641 | 
120° § 80 76-4 15-50 | 0-486 | 0-740 1-190 1-056 | 
125 | 85 81-4 23-95 | 0-588 | 1-050 1-455 1-749 | 
135 | 95 91-4 | 110-00 | 0-948 | 2-890 1-950 1-020 | 
140 100 96-4 | 149-90 | 0-595 | 1-720 1-250 2°382 | 
150 110 | 106-4 | 167°15 | 0-488 | 0-965 0-920 0:897 
180 | 140, 136-4 | 176-35 | 0-767 | 0°520 0-790 0-559 


Angles with a positive sign are measured in an anti-clockwise di 


Yc and ye are the maximum distances from the neutral axis of 
bending looking in the direction of the arrow. 


J,, and Iy, are the principal moments of inertia of a section. 
I, is the moment of inertia of the section about an axis throug 
yc and y’s are the maximum distances from the axis through t 


on the left-hand side of the axis of the bending moment M cos (v - 
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TABLE 6. 


A COMPARISON OF THE STRESSES AS CALCULATED FROM METHOD A WITH THOSE CALCULATED 
FROM METHOD B. 


: : ; maximum thickness\ . 
Caleulations made on an aerofoil for which ( - ee eee re aie. 0 10 
chord length 


Length of chord taken to be gE ORE Value of 0 taken to be 20°. I,. of section = 0-130 (inch)*. 
I,, of section = 12-23 (inch)*. ® of section — 1-35°. Moment of inertia of section about chord, I,,=0-136 (inch)*. 
M represents the total bending moment at a Section. 


Method B. | Ratio of the 


M1 


E3828 


| | Method A. | 
| | Moment, ‘Stress due to Bending Moment Stress due to Bending Moment Stresses 
| of M. | M. Calculated from 
i ae Inertia | (Lbs. /sq. in.) 4 (Lbs. /sq. in.) Methods A and B. 
= I = y " | Compressive Tensile 5 si Com- | Tensil 
ye 5 . a ; Yi | yi peguee | Pp oes ees ns =a : Compressive. Tensile. | pressive. Lone eo 
| 6 Ss | about | | ee 
> : F the Value of Value of > Value of Value of 
> g (in. Na | (in. )): Neutral e fi Fa | fee fit | 
2 | eee “ut OF | Mm Ot 9 ie wor Colasm Cole: 
Ty. y, cos (A— 8\ | syecos (A — 8 y’, cos (¥ —20°)) | (y’, cos (w¥—20°)\| “aay 7 a 
jive (Gas = glee ) Serer) eae apes )} Col. 1 Col. 2 
| | | 
(1) ie (2) al Sa (3) (4) | 
ieee 2 kesh t— 0-25.\-0- 9338/20-43 0-360 0-130 3:09 2°59 940 | 3°04 2-00 OR99 0-77 
5 | —15 |—16-35 |— 0-20 | 0-959 | 0-42 0-375 0-130 3:10 PHONE *966 3°12 2-06 1-00 0:75 
10 | —10 1—11-35 |— 0-10 | 0-980 | 0-42 0-375 0-130 ajoalizs 2-83 *985 3-19 2°10 1-00 0-74 
15 |} — 5 |— 6-35 0 0-994 | 0-42 0-375 0-130 3°22 2-88 +996 3°23 2°12 1-00 0-74 
20 0 |— 3-35 0 0-999 | 0-42 0-375 0-130 3°23 2-89 1-000 3°24 2-13 1-00 0-74 
25} + 5 |+ 3-65 0 0-998 | 0:42 0-375 | 0-130 3-23 2-89 +996 3-22 2-12 1-00 0-73 
30 | 10 8-65 |+ 0-10 | 0-989 | 0-42 0-375 0-130 3:19 2-85 *985 sjouiy) 2-10 1-00 0:74 
i 45 | 25 | 23-65 0-30 | 0-918 | 0-42 0-390 0-130 2-96 2-75 +906 2-94 1°92 | 0:99 0-70 
60 40 38-65 0-50 | 0-786 | 0-42 0-395 0- 13K 2-54 2°38 766 | 2-48 1-63 0-98 | 0-69 
75 | 55 53-65 0-80 | 0-604 | 0-41 0-410 0-132 1:87 1-87 574 | 1-86 1-22 0-99 0-65 
90 | 70 68-65 1-55 | 0-389 | 0-405 | 0-442 0-138 1-14 1-25 *342 1-11 0-73 (Oersyri 0-58 
100 80 78:65 3:00 | 0-248 | 0-405 | 0-520 0-162 0-62 0-80 -174 0:56 0:37 0-91 0-46 
106 86 | 84-65 6-50 | 0-205 | 0-445 | 0-720 | 0-286 0-32 0-51 = O70 Q-22 0-15 0-70 0-29 
110 | 90 | 88:65 | 24-30 | 0-433 | 0-64 1-610 2-190 0:32 0-32 0 0 0 OR ae” 
114 94 92-65 | 167-05 | 0-269 | 1-12 0-770 0-742 0-41 0-28 — +070 0-15 0-22 0-36 0-80 
120 | 100 98-65 | 176-00 | 0-219 | 0-475 | 0:505 0-189 0:55 0-58 —:174 0-37 0-56 0:67 0-97 
130 | 110 | 108-65 | 178-00 | 0-349 | 0-330 | 0 460 0-140 0:82 1-15 — +342 0:73 1-1 0-89 0-97 
| 145 125 | 123-65 | 179-10 | 0 567 | 0-320 | 0-435 0-132 -38 1-8 — -574 1-22 1:86 0-89 0:99 
160 140 | 138-65 | 179-50 | 0-756 | 0-345 0-430 0: 130 2:00 2°50 — +766 1-63 2-48 0-82 0-99 
180 160 | 158-65 | 179-75 | 0-933 | 0-36 0-430 0-150 2-58 3:09 — -940 2-00 3-05 0-78 0-99 
Angles with a positive sign are measured in an anti-clockwise direction. 
and yr are the maximum distances from the neutral axis of points in the periphery o! the section, 7 being measured on the left-hand side of the axis of 
bending looking in the direction of the arrow. 
I,, and I,, are the principal moments of inertia of a section. 
I, is the moment of inertia of the section about an axis through the C.G. parallel to the chord. 
y’c and y’; are the maximum distances from the axis through the C.G. parallel to the chord, of points on the periphery of the section, y’- being measured 
) on the left-hand side of the axis of the bending moment, M cos (¥ — 6), looking in the direcuon of the arrow. 
; 


TABLE 7. 


SON OF THE STRESSES AS CALCULATED FROM THE METHOD A WITH THOSE CALCULATED 
FROM METHOD B. 
) is 0-25. 


maximum thickness 
chord length 
eee rt : 4 
Length of the chord taken to be 5”2. Value of 0 taken to be 40°. I,, of section = 0-53 (inch)? 
I,, of section = 7:91 (inch)4. ® of section = 3-6 : 
Moment of inertia of the section about the chord, I, = 0-56 (inch)*. 


+ 
RI 


A COMPA 


Calculations made on an aerofoil for which ( 


| fee i Menieden Method B. saat of the 
| ss any? | 2 . : Stresses 
|| caenereres 2 sndins | stress due to Bending Moment 
| Moment | Stress due to a nding Moment | Stress due to wee eS oaee 
| Bate (Lbs. /sq. in.) = (Lbs. /sq. in.) Methods A and B- 
i) — — ———— — —— a —_ - a ——— = _ ~~ _ ro =] a 
~ f > Tl : ; Com- oh 
o | | eS | y. ye | Baek Compressive. Tensile. | Compressive. Tensile. pressive. Tensile. 
1 | ep? ° a about = <= a : ea 
ss | ese : n (in.). | (in.)._| eae Value of - Value of ee Value of Value of 
= ‘cs 5} Neutral ae or ie or g ie or | a or Col. 3 Col. 4 
| Axis M arte eee ya nee 
| “Ts. | /yec0s (A — ipl Came s) & ee) (yess a) Col. 1 | Col. 2 
(In. NE ( i ty / ( J N Ly | Ly 
| (1) (2) | (3) (4) _ ol 
| c= { — ee 
? ie 3 FOr ‘ x 2 9 7 07 : “99 1-00 
0 |— 40 |= 43°6 |— 3:65 | 0-767 | 0-790 | 0-520 0-559 1-080 0-715 0-766 | 1-070 0-715 0 
10 |— 30 |— 33-6 |— 2-65 | 0-858 | 0-780 | 0-565 | 0-543 1-230 0 895 0-866 1-200 0-805 0-98 0-90 
20 |— 20 |— 23-6 |— 1-70 | 0-928 | 0-770 0-595 0-536 1-330 1-030 0-940 1-310 0-875 0-98 0-95 
25 |— 15 |— 18-6 |— 1:30] 0-955 | 0-760 0-605 0-525 | 1-380 1-000 0-966 1-340 0-900 0-97 0-82 
30 |— 10 |— 13-6 |— 0-95 | 0-976 | 0-750 | 0-620 0-533 1-370 1-130 0-985 1-370 0-915 1-00 0-81 
35 |— 5 \— 8-6 |— 0-60 | 0-990 | 0-750 | 0-630 0-532 1-400 1-170 0-996 1-390 0-930 0-99 0-79 
40 | OO => SOF == 025s 0-998 On 74 bel OlG4s 0-531 1-406 1-210 1-000 1-390 0-930 0-99 OTT 
45/+ 5/+ 1:4 }+ 0-10 | 0-999 | 0-735 | 0 665 0-531 1-380 1-250 0-996 1-390 0-930 1-00 0-74 
50 10 6-4 0-45 | 0-995 | 0-735 | 0-675 0-532 | 1-380 1-260 0-985 1-370 0-915 0-99 0-73 
60 20 16-4 1-10 | 0-965 | 0-725 | 0-700 0-534 | 1-310 | 1-260 0-940 1-310 0-875 1-00 0-69 
75 | 35 01:4 2-35 | 0-874 | 0-715 | 0-740 0-544 | LISD Ess | 1-195 0-819 1-140 0-760 0299 0-64 
90 | 50 46-4 4°05 | 0-739 | 0-705 | 0-805 0-567 0-919 1-105 | 0-643 0-895 0-600 0-97 0-54 
105 | 65 61-4 7°00 | 0-582 | 0-690 0-910 0-641 | 0: 625 0-825 0-423 0-590 0-395 0-94 0-48 
120 | 80 76°4 15:50 | 0-486 | 0-740 1-190 1-056 | 0-340 0-545 0-174 0-240 0-160 0-71 0:29 
125 | 85 81-4 23°95 | 0-538 | 1-050 | 1-455 | 1-749 | 0-325 0-450 0-087 0-120 | 0-080 0:3 0-18 
135 95 91-4 | 110-00 | 0-948 | 2-890 | 1-950 1-020 0-390 0-265 | —0-087 0-080 0-120 0-21 0-45 
140 100 96-4 | 149-90 | 0-595 | 1-720 1-250 2:382 0-430 0-310 | —0-174 0-160 0-240 0:37 | O78 
150 | 110 106-4 | 167-15 | 0-488 | 0-965 | 0-990 0-897 | 02525 0-500 —0-342 0-320 0-475 0-61 | 0-95 
180 140 136-4 | 176-35 | 0-767 | 0-520 | 0-790 0-559 0-715 1-080 —0-766 0-715 1-070 1-00 0-99 
| | 


Angles with a positive sign are measured in an anti-clockwise direction. 

Yc and ye are the maximum distances from the neutral axis of points in the periphery of the section, 
bending looking in the direction of the arrow. 

Ix, and I,, are the principal moments of inertia of a section, 

I, is the moment of inertia of the section about an axis through the C.G. parallel to the chord. 


yc and y’z are the maximum distances from the axis through the C.G. parallel to the chord, of points on the periphery of the 
on the left-hand side of the axis of the bending moment M cos (¥ — 6), looking in the direction of the arrow. 


Ye being measured on the left-hand side of the axis of 


section y’- being measured 
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Some Notes on THE STRESSES of an AIRSCREW 
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Some Notes On THE STRESSES OF AN AIRSCREW. 
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TABLE 9. 


THE VARIATION OF THE STRESSES IN A BLADE 
SECTION WITH THE BENDING MOMENT DUE TO 
CENTRIFUGAL FORCE, M,. 


Calculations made on an aerofoil section for which 


maximum thickness ROH 
chord length Pe 


Length of chord taken to be 5”-2. Value of 0 taken to be 40° 
I, of section = 0-53 (inch)*. I, of section = 7-91 (inch)*. 
® of section = 3-6°. 

Value of M, assumed to be 1,200 Ibs.-ins. 

Value of M, assumed to be 4,000 Ibs.-ins. 


M 
tan) = 7,4, 
+ (i, + MG) 
Value of Value of Value of | Value of | Maximum Stresses due to 
We (Mr + Mr) My. | M. | M. lbs. per sq. inch. 
(Degrees. ) (Lbs.-ins. ) (Lbs.-ins.) (Lbs.-ins. ) | Compressive. | Tensile. 
20 | 3,300 — 700 3,910 ibe 4,660 3,620 
30 2,080 — 1,920 2,400 | 3,290 2,720 
AQ 1,430 —2,570 1,865 2,610 2,250 
50 1,005 —2,995 1,565 | 2,160 WAS Ls, 
75 Pear S20 —3,680 W240 silk sk} 430 1,480 
90 0 —4,000 1,200 1,105 1,330 
105 ; — 320 —4,320 1,240 Is 770 1,025 
120 | — 695 —4,695 1,385 | 470 799 
125 | — 840 —4,840 i Ooeme 475 660 
135 LO 200 —5,200 F700 F422) 665 450 
140 | —1,430 —5,430 1,865 | 805 580 
150 | —2,080 —6,080 2,400 1,260 1,200 
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THE WHIRLING AND TRANSVERSE VIBRATIONS OF 
A ROTATING AIRSCREW AND ITS SHAFT. 


By A. Faas, A.R.C.Sc. 


Reports and Memoranda, No. 502. June, 1917. 


SUMMARY.—The present paper gives the general mathematical theory 
of the transverse vibrations of a rotating airscrew and its shaft. The 
investigation is an interesting application of Lagrange’s Equations for 
small oscillations. Calculations have been made for a two-bladed airscrew,, 
when the transverse vibrations are in a plane parallel to both the axis of 
the airscrew blades and the axis of rotation, and also when in a plane at 
right angles to the axis of the airscrew blades and parallel to the axis of 
rotation. It was found that the whirling speed of a modern airscrew and 
its shaft was very high, and much greater than the bursting speed of the 
airscrew. 

The general conclusions of the investigation are :— 


(a) The air damping of an airscrew is negligible in so far as the 
frequency of the transverse vibrations is concerned. 

(b) The whirling speed may be calculated with very good accuracy 
by assuming the effect of the shaft to be the equivalent of a mass 
(78 /210 M,) at the end, where M, is the mass of the shaft. 


(c) Neglecting the mass. of the shaft makes the whirling speed too. 
high, the discrepancy increasing with the length of the shaft. 


(@) Even when the moment of inertia of the airscrew is small it 
should not be neglected in the calculation of the whirling speed. 
(e) The critical speed of an airscrew and its shaft increases with the 
moment of inertia of the airscrew. 
A simple formula from which may be calculated the whirling speed of 
an airscrew and its shaft is given at the end of the paper. 


The present paper gives the mathematical theory of the 
transverse vibrations of a rotating airscrew and its shaft, and 
also an application of the method to several practical problems. 


For generality, the calculations have been made for a two- 
bladed airscrew, when the transverse vibrations are in a plane 
parallel to both the axis of the airscrew blades and the axis of 
rotation, and also when in a plane at right angles to the axis of 
the airscrew blades and parallel to the axis of rotation. 


The dependence of the frequency of the transverse vibrations 
on the length of the shaft, and also on the speed of rotation has 
also been determined. 
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Finally, by the elimination of quantities which only slightly 
influence the value of the frequency of the transverse vibrations, 
a moderately accurate working formula has been evolved, from 
which the whirling speed of a rotating airscrew and shaft may 
be readily calculated. 


The whirling speed of a modern airscrew as now mounted 
on the engine of an aeroplane is very high and very much erates 
than the bursting speed of the airscrew. 


The mathematical theory of the transverse vibrations of 
rotating systems is given by Dr. Chree in the “ pce aDES of 
the Physical Society of London ” (1903-5). | 


In order that the present paper may be complete, it is desirable 
at the outset to indicate the relationship between the frequency 
of the lateral transverse vibrations and the whirling speed. 


Taking the simple case of a shaft of negligible mass fixed at 
one end and carrying a mass M at the other, it can easily be shown, 


if £ : be the frequency of the transverse vibrations of the mass M 


when the shaft is not rotating, and a the frequency of the trans- 


verse vibrations when the shaft is rotating with an angular velocity 
w, that q? = p*? — w?”. 

The elastic forces of the shaft tend to restore the mass to its 
equilibrium position, but the centrifugal force acting on the mass 
has the opposite tendency, and by reducing the magnitude of 
the righting force diminishes also the frequency. of vibration of 
the rotating mass and shaft. . If w be equal to p, the frequency 
of the transverse vibrations is zero, so that the mass is in neutral 
equilibrium no matter what the value of the lateral displacement 
may be, and hence if the lateral displacement be sufficiently great 
the shaft will fracture. A shaft in such a state is said “‘ to whirl,” 
the righting force due to the elasticity of the system having been 
reduced to zero by the centrifugal force called into being by. 
deflection. For this particular instance the frequency of rotation 
when the shaft is whirling, and the frequency of the transverse 
vibrations when the shaft is not rotating, have equal values, but 
this is not the case with a rotating airscrew and shaft in which 
moments of inertia and damping need consideration. 


. To find the frequency of the transverse vibrations of a rotating 
airscrew and shaft.—The following investigation is an application 
of Lagrange’s Equations for small oscillations. 


An instantaneous position of thé rotating and vibrating air- 
screw and shaft is shown in Fig. 1, the plane of vibration of the 
shaft being coincident with the plane of the paper. It is assumed. 
that the airscrew shaft is fixed in direction at the end O, so that 
the line OX represents the main position of the vibrating shaft, 
and also the axis about which the rotation is taking place. 
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The following symbols are used in the investigation :— 
L = length of the shaft in feet. 

M = mass of the airscrew in slugs. 

m 

Ty 


= mass of the shaft in slugs per foot run. 


= moment of inertia of the airscrew about the axis CA 
in slug /ft.? | 


I, = moment of inertia of the airscrew about an axis 
through C at right angles to the plane of bending. 


I, = moment of inertia of the airscrew about an axis 
through C in the plane of bending and at right angles 
to CA. 


w = speed of rotation of the airscrew in radians per sec. 
E = Young’s modulus of elasticity in lbs. per sq. foot. 


I = moment of inertia of a cross-section of the shaft about 
a diameter measured in (ft)*. 

x == distance from O, in feet, of any point P on the axis 
of the shaft. 


y = deflection in ft. of the point P from the line OX. 
At any time ¢ the free end of the shaft is displaced a distance 


z”’ from its mean position, and the plane of the airscrew has an 
angular displacement ‘6’ from its mean position. 
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The equations of motion are expressed in terms of the 
variables @ and z. 


From the above remarks it follows that 


when « = 0, SY = 0 andy = 0, 


on ee a4 
when x = L, de 7 8 and y = 2. 
So that the equation of the curve of the centre line of the shaft is 


— {32 —9L é OL — 22 : 
Deuce Lilian tok ae 


Lagrange’s equations for a damped vibrating system in which 
there are two variables @ and z are 


d /sT O20 \ canoe 
(st) ar ee 


d /sT Os Sa Verso 
a si( ae) iy eer S 
where T’ = kinetic energy of the whole system. 


V = potential energy of the whole system. 
and fF =half the rate at which energy is being dissipated. 
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For the case of a vibrating airscrew and shaft, the kinetic 
energy of the whole system is equal to the sum of the kinetic 
energy of the shaft and the kinetic energy of the airscrew 


1 3 | 
iy ( I. 2 rade (ytch (yes) 9) + pits +072") + 5 *w? cos? @-+- 7] satsin 0+ 3208 


Aken E (3z — OL)? + 3 (32 — OL) (OL — 22) + : oe) | | 


ae fee fs (3z — oa ae : (2 Ot tole 22) (61, — 23)3| 


since I, =I, + I, and sin 0 = 6 nearly. 
The potential energy; V, of the system is equal to the potential 
energy of the shaft 


pa EL) (dey ae 
aT ee nae 


EI 6x 3 
=| = ie CEA Apes +p, OL — 22)| da 


_* =z [32% — 3z0L + 0?L?] 


Owing to ae vibratory motion of the airscrew blades through 
the air, energy is dissipated, the rate of such dissipation—2F— 
being equal to K6?, where K is a constant. The value of the 
damping factor “K ”’ can be readily calculated when the aero- 
dynamic data of the blade sections of the airscrew and also 
the working conditions of the airscrew are known, but it may 
be of some interest to explain in general language why the rate 
at which energy is dissipated is proportional to the square of the 
angular speed of vibration. 

Consider the vibratory motion of the blades about an axis 
through C (Fig. 1) at right angles to the axes of the airscrew and 
of the airscrew blades, the airscrew having the forward trans- 
lational speed of the aeroplane and a rotational speed about the 
axis OX of w radians per second. For any positive value of the 
angular velocity 6, the thrust on the blade CF, which is moving 
into the air with a velocity greater than that due to the motion 
of the aeroplane alone, is diminished, whilst the thrust on the 
blade CE is increased, the change of thrust of an aerofoil section 
of the blade being roughly proportional to the change of angle of 
incidence of the section relatively to the air. As a first approxi- 
mation, the change of the angle of incidence of a blade section is 
proportional to 6, so that the change of thrust of the blade and 
therefore also the damping moment on the airscrew is proportional 
to §. Writing the damping moment as K6, the rate at which 
energy is dissipated becomes K@*%. It will be shown later that 
the damping moment does not appreciably influence the frequency 
of the transverse vibrations. 


Hence 


. A 2 . 
KF = oe where K is a constant. 


Substituting the above values of T, V and F in the Lagrangean 
Equations we get 


aT3 


— HO 210-112) +1,0°9+ 7 EI 99.2 —32L) +K6 =0 


de L?2 ss =e 
1,645, 9 210-112) — 


and 


Fs Mijoee wo mo?*L . | 2EI 
Mz + 210 (78z — 11L9) — 210 (78z — 11L6) — Mzw? + Ta (6z — 30L) =0 


Which when collected in a convenient form become 
2, I 
Ie I, + ee mL?) D? + KD + (1 Io? — ajo me *L® a 0 


se A 
— | 50 mL?D? + aasT i) mua ?L? 


and 
11 6EI ll 
=\55 mL?D* + Ga — 910 motL) | 0 


+ [Qe Bont) 004 (BE mer 75 mot) 


| 
°o 


So that the complete motion is given by the solution of the 
differential equation 


| (2 eet aig")? +KD + (1 Taco ee motL? +"; )| x 


12EI 78 
(Me F nom) Dah ee MO m3 10 mot) 
11 6En OT 
| -|s10 Mela ah Grae 210 motL)]* 


Owing to the large number of algebraic terms—several of them 
having negligible values—no advantage is to be gained by 
attempting to solve the differential equation of the fourth order 
in its present form. By the substitution of the numerical values 
of the symbols, the equation may be written in the form 


(D* + A,D? + A,D? + A,D + A,) 0 =0 


where A,, A,, Aj, A, are numerical constants. It will be shown 
later that for all practical purposes the values of A, and A, are 
equal to zero so that the equation is reduced to 


(D* + A,D? + A,) @ =0 
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The airscrew and shaft commence to whirl when the frequency 
of one of the transverse vibrations just becomes zero, so that at 
the whirling speed the solution of the equation 


(D‘ + A,D? + A,) 8 =0 
becomes 
6 = B, + B,¢ + B, sin Bt + B, cos Bt 

where B,, B,, B;, B, are arbitrary constants depending on the 
initial conditions. For a rotational speed less than the whirling 
speed, the motion consists of two vibrations, whilst at a rotational 
speed greater than the whirling speed the motion is compounded 
of a vibration, a divergence and a subsidence, so if the divergence 
is allowed to persist the shaft fractures. 


Application of the preceding theory to several practical problems. 
—With the object of simplifying the differential equation of the 
motion of the vibrating airscrew and shaft a systematic series of 
calculations has been made to ascertain how the frequency of the 
vibrations depends upon the damping, the mass and the length 
of the shaft, the mass and the moment of inertia of the airscrew. 


The following data which are needed in the calculations have 
been taken from a modern two-bladed airscrew which, rotating 
at about 1,300 r.p.m., would give a machine weighing one ton a 
forward speed through the air of 75 miles per hour, the corre- 
Bee thrust being 300 lbs. approximately. 


Diameter of the airscrew = 9-5 ft. 
Mass of the airscrew and es 8 

fittings at the boss, M ~o== [+O slug. 
Outside diameter of the airscrew 

lente ee a ee aay 
Inside diameter of the Rirscrew 

snatoe =. os in ... = 0-9 in. 


Whence moment of inertia of a 
section of the airscrew shaft ' . 
about a diameter... pe O-G0a0 8 tO. (it) 4: 


Length of the airscrew shaft, + =O? tb, 
Mass of 1 ft. length of the air- — ) 
screw shaft, m 7 .. == 0-26 slug. 
Modulus of elasticity, EH eee A Ts xev0s lbs sq Pit: 


Moment of inertia of the air- 
screw about an axis passing 
through the centre of the boss 
at right angles to both the 
airscrew axis and the blade 
exine = arr eto o sing -1e 


Moment of inertia of the air- 
screw about the blade axis ... = 0-02 slug-ft?. 


Hence I, = 3-5 sin? a + 0-02 cos? « 
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where « =angle between the blade axis and: an axis passing 
through the centre of the boss at right. ae to sath Sree of 
vibration. | 


Only the two extreme. values of I, were taken, vernelys 3°5 
when « = 90° and 0-02 when « = AU 


The rate at which energy is dissipated for this airscrew is 
15062 ft-lbs. per second, when « = 90°. 


The damping when « = 0° can be neglected at the commence- 
ment of the investigation. 


The calculations are quite straightforward, although somewhat 
laborious, and it has been considered not desirable to overburden 
the paper with the complete figures, so that only a summary of 
the results is given in the tables and shewn graphically in the 
diagrams. It will be noted that the frequency of the transverse 
vibrations of the airscrew as mounted in practice | is very high, 
much higher than the bursting speed of the airscrew, which is 
about 3,500 r.p.m., and accordingly calculations were made for 
the airscrew mounted at the end of a shaft of length 2-5 ft. As 
stated at the commencement of the investigation it is assumed 
that the airscrew shaft is rigidly fixed at one end, but it. is un- 
certain how far such a condition holds in practice, much depending 
on the rigidity of the engine frame and the method of mounting 
the airscrew shaft. Any want of. rigidity at the end of the shaft 
will reduce, at the same speed of rotation, the frequency of the 
transverse vibrations, 


If the end conditions are different from those postulated in 
the present paper, but are definitely defined, the same method of 
calculating the frequency of the transverse vibrations may be 
employed, although the equation of the centre line of the shaft 
will be different. 


The solution of the biquadratic 
D4 + A,D® + A,D? + A,D + A, =O 


was greatly facilitated by the fact that the terms A, and A, are 
of small importance compared with A, and A,, so that the bi- 
quadratic could be readily split into two quadratic equations by 
the method of trial and error. Of course, the solution of the 
biquadratic equation, when the damping terms A, and A, are 
neglected, is a matter of no difficulty. 


TABLE l. 


SUMMARY OF THE RESULTS OF THE CALCULATIONS 
MADE ON A MODERN TWO-BLADED AIRSCREW, 
MOUNTED AS IN PRACTICE ON A SHAFT OF 
LENGTH 0-5 FT. 


Case 1.—Transverse vibrations in a plane parallel to the axis of 
rotation and to the blade axis. _ 


« = 90° and I, = 3-5 slug-ft?. 


Bursting speed of airscrew about 3,500 r.p.m. 


| ; 
| IR aN nit Number of Vibrations 


Assumptions made in Calculations. : 
per Minute. 


(r.p.m.) 
0 | 2,770 35,800 
5,000 —  §,900 35,600 
10,000 — 10,100 34,200 
| 15,000 — 14,800 31,600 
Complete solution, making no as-_ 20,000 19,000 29,700 
sumptions. | 25,000 _ 21,700 28,800 
| | 30,000 | 17,800 31,400 
34,000 — 9,000 34,900 
35,000 | 0 35,800 
Neglecting damping only | me bee same as with no assump- 
| ions. 
Neglecting damping and assuming | 
effect of pre to be equivalent of eit | Behe Sanh 
a mass (10) at its end. 35,100 | 0 35,600 
0 | 2,755 36,700 
4,000 —  §,100 36,700 
9,000 | 9,200 36,000 
| 14,000 13,900 33,800° 
Neglecting damping and also the | 19,000 — 18,200 = 31,700 
inertia of the shaft (m = 0). | 24,000 21,500 30,200 
| 29,000 19,800 30,900 
| 34,000 | 12,000. 34,900 
36,000 0 “ 36,700 
' 
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TABLE 2, 


SUMMARY OF THE RESULTS OF THE CALCULATIONS 
MADE ON A MODERN TWO-BLADED AIRSCREW, 
MOUNTED AS IN PRACTICE ON A SHAFT OF 
LENGTH 0-5 FT. 


Case 2.—Transverse vibrations in a plane parallel to the axis of 
rotation and at right angles to the blade axis. 


a = 0° and I, = 0-02 slug-ft?. 
No damping in this case. 


Bursting speed of airscrew about 3,500 r.p.m. 


| Rotati 1 d . . 
Assumptions made in Calculations. | of the Shaft. sheng) Ce 
| (r.p.m.) per Minute. 
0 | 16,600 78,800 
. 4,000 16,400 79,000 
Complete solution, making no as- 10,000 14,400 80,000 
sumptions. 16,000 9,300 81,600 
19,000 | 3,800 82,700 
19,500 0 82,900 
Assuming effect of the shaft to be of | 
78 | 0 — 16,400 Not 
equivalent to a mass (sro at | 19,300 / 0 calculated. 
its end. | | 
Neglecting I,, which is very small in 
this case, and assuming effect of 
the shaft to be equivalent to a 0 17,750 
78 17,750 0 
mass (aio) at its end. 
Neglecting I, and also the mass of 0 18,150 
the shaft (m = 0). 18,150 | 0 
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IDABLE Gs 


SUMMARY OF THE RESULTS OF THE CALCULATIONS 
MADE ON A MODERN TWO-BLADED AIRSCREW, 
MOUNTED AT THE END OF A LONG SHAFT OF 
LENGTH 2:5 FT. 


Case 1.—Transverse vibrations in a plane parallel to the axis of 
rotation and to the blade axis. 


a = 90° and I, = 3-5 slug-ft®. 


Rotational speed Number of Vibrations 


| 
| 
Assumptions made in Calculations. of the Shaft. | : 
(r.p.m.) | per Minute. 
0 1,000 3,640 
| 500 1,020 3,630 
‘Complete solution, making no as- | 1,000 1,060 3,620 
sumptions. | 1,400 1,070 3,620 
| 1,800 950° 3,650 
2,200 490 3,750 
2,290 0 3,770 


Neglecting damping makes practically no difference to the frequency. 


Neglecting damping and assuming | 
effect of the shaft to be the equiva- | 0 990 3,720 
78 ! 1,910 760 3,770 
lent of a mass (som) at its | 2 220 0 3,780 
end. 
0 Pral.0Z0 Not 
Neglecting damping and also the 1,910 Perri, 095 peaTeainred 
inertia of the shaft (m = 0). 2,590 | 0 : 
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TABLE 4, 


SUMMARY OF THE RESULTS OF THE CALCULATIONS 
MADE ON A MODERN TWO-BLADED AIRSCREW, 
MOUNTED AT THE END OF A LONG SHAFT OF 
LENGTH 2-5 FT. 


Case 2.—Transverse vibrations in a plane parallel to the axis of 
rotation and at right angles to the blade axis. 


a = 0° and I, = 0-02 slug-ft?. 
No damping in this case. 


‘Number of Vibrations 
Rotational Speed | per Minute. 
Assumptions made in Calculations. | of the Shaft. | Frequency of the 
(r.p.m.) | Higher Vibration 
| not calculated. 


No assumptions 0 | 1,500 
0 


Assuming effect of the shaft to be — 


Mg At as | 0 | 1,480 
the equivalent of a mass (sion) 1,510 | 0 
at its end. | 
Neglecting I,, which is very small, | 
and assuming effect of the shaft | | 
to be the equivalent of a mass 0 1,460 
78 1,460 | 0 
(cio) at its end. 


Neglecting I, and mass of shaft mime | 1,620 
(m = 0). | 1,620 | 


REPORT N° 502. | FIGS 1-2. 


DIAGRAMMATIC SKETCH. OF THE VIBRATING AIRSCREW. 
PLANE OF VIBRATION COINCIDENT WITH PLANE oF FAPER - 


(PAZ he Axis of Avscrew . Blades. 


TRANSVERSE VIBRATIONS INA PLANE PARALLEL TO THE AXIS OF ROTATION AND To THE 


40,000 


25000 


20,000 


15,000 


10,000 


NuMBER OF VIBRATIONS PER MINUTE. 


5,000 


BLADE-AXIS. L2 0:5 FT 


& 


LECTIN ING_DAMPING AND RE PLACING SHAFT BY A el 


* CORRE am i 
xX NE 
5 se ano dp mone a 
NG DAMPING ANO ALSO INERTIA! oF SHAF (m=o 
BA 


© NEGLECT 


5,000 (0,000 15,000 20,000 25,000 30,000 35,000 


OTATIONAL SPEED oF AIRSCREW AND SHAFT (R.AM. 


FIG.3. 


REPORT N2& SO2@2. 


(Wad) LIVHS INV Massa” 40 Gass TUNOILELOS 
o00'o% «00'S ooo'os 2005 oe 


(O=U) IGvHS 30 UILYSNT ONY 
MaydSuId JOT ONILTIDEN © | 


‘ONS LY lw eZ | Ss 


'o} 


SSUW VW AS LIVYHS DNIOVIa 
NOILNIOS LOSYYOD .«- 


“ZLONIW U3) SNOLLUUSIA JO SaEINON 


"GgLL0TE) 
LON AQDNA0D3aS NABHOIH 
Se es); 0018700 = °F Tas SIXY B6vig 3y1 OL SHTDNUSloDN 
iv ONY NOlIWLos 30 SIX BNL OL TATWSNE SNWId WNT SNOLLYSSIA SSNSASNVSL 


FIG.4, 


‘er a3) LIVHS ONY /AzueSaly JO O33dS TWNOILWLO 


Q00€ eed 0002 o0s| OOO) » OOS : 
YE SSRN ETE a i eee a apn ‘ ——E rT Bes oN eee [ 
= “LSS SHLsO 1 096 
| Os aNG wan hen ke ah HLISTIIN © | 
oY 


"ON obi To 


SNOLLWYSIA JO Y3BEWON 


ds_LLovg “LON AONIMOSYS NSAHDIH x4) -507S Se =°T ws te] "Sing -Javig 
BHL OL ONY NOY? LOY JO SIX SHLOL AWS MWA SNeId VN SNOLWISIA JSAsASNwaL 


REPORT N25 02. 


FIG. 5. 


REPORT N2& 502. 


(Waa) LIVHS INV M3dosuly Jo GIS UNO Loy 
0007 | 006 


f 


iO =u) LAWNS JO VILS INI ONY 


4 2 


MESOSAIY J0e7 ONILDIIDAN © 


"ONG 1V WM-sT 


“ONS LY hw 
SSUW YAS LAVHS DNIDUIdSS x 
“NOIMLMIOS LDSNOS - 


Ga llOL) IN JONSsnwssS VSHDIRH LSE OMS %o-0 ="T ‘1984 6-Z=a7 ° SIXx¥ 
~savg SHLOL ONY NOILV LON 30 SIXY SHL OL Ta TI1vaba SNe Id WN SNOILVABIA BSYZASNVAL 


469 


From the data of Tables (1-4) and Figures (2-5) it will be seen 
that the following conclusions may be drawn :— 


(a) The air damping of an airscrew is negligible, in so far 


(6) 


(d) 


(f) 


as the frequency of the transverse vibrations is con- 
cerned. 


The whirling speed may be calculated with very good 
accuracy by assuming the effect of the shaft to be the 


78 . 
equivalent of a mass & 0 mls ) at its end. In this 


case the whirling speed is overestimated, the inaccuracy 
increasing with the length of the shaft. The maximum 
error due to this assumption is only about 3-5 per cent. 
of the true value of the whirling speed. 


As would be expected, neglecting the mass of the shaft 
makes the whirling speed too high, the discrepancy 
increasing with the length of the shaft, the maximum 
error due to the assumption being 13 per cent. of the 
true value of the whirlng speed. 


It is seen from Figs. 3 and 5 that even when the moment 
of inertia I, of the airscrew is small—0-02 slug /ft?. in this 
particular case—it should not be neglected in the 
calculation of the whirling speed. 


The critical speed of an airscrew and shaft increases 
with the moment of inertia of the airscrew. 


When the moments of inertia of the airscrew—I, in this 
case—and of the shaft are zero, the whirling speed has 
the same frequency as the natural period of transverse 
vibration when not rotating. 


A simple formula from which may be calculated the whirling 
speed of rotation of an airscrew and its shaft—It has been shewn 
that the air damping of an airscrew may be neglected, and also 
that the effect of the inertia of the shaft is equivalent, for all 


78 | 
practical purposes, to a mass c 0 ml) placed at its end. 


The differential equation for the motion of the airscrew and 
shaft then becomes 


4EI 2 
POS Soll Rare een ee 
2 4 ae { = 
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that is 
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The whirling speed, that is, the rotational speed at which the 


frequency of one of the transverse vibrations becomes zero, is 
then got from the expression 


i 12EI wold ent 36E71? | 
Le (a1 ab wo") ete Aa | (at aloe mt) 


210 210 


which may be written 


24 41 ee 12H 212 
On ae =: as : 
2 3 =| 
4 L (a rae ml) | seoieiee ACM + aie ml) 
If the above equation be solved for w? it will be found that there 
is one positive and one negative value. 


‘The whirling speed may be got by taking the square root of 
the positive value w?. 


The result of the present enna may be summarised 
as follows :— 


The whirling speed, w, of a rotating airscrew and shaft, the 
shaft being a cantilever fixed in direction at one end, may be 
calculated by taking the square root of the positive value of w? 
got from the solution of the equation 


4KI 12KI : Pav h 
OTe 0” (cnremene 78 Fae pe 5 
where » = rotational speed in radians per second. 


M = mass of the airscrew in slugs. 


I, = moment of inertia of the airscrew about an axis 
passing through the centre of the airscrew at right 
angles to the plane of the transverse vibrations 
(slug-ft?). 

L = length of the shaft in feet. 

m = mass of one foot length of shaft in slugs. 

1) 

I 


= Young’s modulus in lbs. per square foot. 
= moment of inertia of a cross-section of the shaft about 
a diameter in (feet). 
If I, =0 the whirling speed may bo calculated from the 


equation 
3KI 
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ON THE SHAPE OF PROPELLER BLADES. 


By A. A. Grireiru, M.Eng., and B. Hacur, B.Sc. Presented by 
the DirRECcTOR-GENERAL OF AIRCRAFT PRODUCTION. 


Reports and Memoranda, No. 452. June, 1918. 


SUMMARY.—(a) Introductory. (Reasons for Inquiry)—The ordinary 
methods of calculating the strength of propeller blades by considering 
end-grain stresses only does not appear to give an explanation of the 
frequent breakages of their trailing edges. 

(b) Range of the Investigation—The present paper deals with the 
design Of propeller blades as affected by their elastic properties. The 
standard method of stressing and designing propeller blades is reviewed 
in the light of the theory put forward in reports R. & M. Nos. 454 and 455. 

Several other points of importance in design are discussed, and among 
them the question of critical speeds. 

The final section deals with examples and experiments bearing on the 
matter contained in the body of the paper. 

(c) Conclusions.—It is shewn that previous estimates are incomplete 
in that they fail to take account of the torsional and cross bending strains, 
which may be, and in current practice frequently are, of major importance. 
It is further shown that the conditions for least (longitudinal) bending 
and least torsion are mutually exclusive, and a comparative analysis of 
the alternative methods of design thus presented indicates that the balance 
of advantages is usually in favour of the latter. The former method may, 
however, be preferable in special cases. 

(d) Applications—It is hoped to deduce from further work certain 
working rules which may be applied to drawing office practice, thereby 
ensuring adequate strength for the propeller blades. 


1. General. 


The design of aircraft propellers may be divided for conveni- 
ence into two parts, aerodynamic and elastic. 


It is probable that, given sufficient knowledge regarding 
the action of a propeller blade, the best blade-widths and angles, 
and the form of the cross-sections, could be determined from 
aerodynamic considerations. The present discussion relates only 
to the second or elastic part of the design, and it will therefore 
be assumed that these features have been fixed. 


To solve the problem it is necessary to determine the plan 
and elevation of the blade and the blade thicknesses. In order . 
to secure maximum aerodynamic efficiency the working part 
of the blades should be as thin as possible, and it is also desirable, 
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of course, to make the weight of the propeller a minimum. The 
design is subject to the conditions that the stress must be every- 
where below the safe limit under any possible working conditions, 
while none of the natural vibration frequencies of the blade must 
coincide with any speed at which the propeller may be required 
to work. 


Since the blade-widths and angles are fixed, the plan and 
elevation of the blade may be specified by the shape of the line 
joining the centroids of the cross-sections, which may be termed 
the central line. 


In addition to the necessary centrifugal tension, and the 
flexure of the blade about axes perpendicular to the central line, 
there must, in general, be torsion and transverse flexure about 
axes parallel to the central line. It is obvious that the stresses 
due to the latter strains must depend on the shape of this line, 
and hence one of the objects of the design must be to determine 
the shape of central line which leads to minimum values of these 
stresses. The torsion especially is important, apart altogether 
from stress considerations, because it alters the blade angles, 
probably the most important of the three aerodynamic features 
of the blade. 


Hitherto it has been usual in stressing propeller blades to 
consider only the longitudinal (end-grain) tensions and com- 
pressions due to the air-load and the centrifugal force, on account 
of the very great difficulties attendant on the estimation of the 
transverse stresses. The plan and elevation forms obtained by 
this method have, of course, no direct relation to those which 
would result from consideration of the transverse strains. The 
method would, however, be justifiable from the stress standpoint 
if the fractures in actual propeller bursts always corresponded 
with failure in longitudinal tension or compression, since it would 
then be legitimate to assume that the transverse stresses were 
unimportant. 


As a matter of fact, a large proportion of propeller failures 
exhibit longitudinal cracks, which can hardly-be explained on 
the hypothesis of rupture under maximum radial stress. Further, 
the breakages do not, in general, occur at the estimated positions 
of the maxima of the latter stresses. 


It would appear, then, that the standard method of design 
fails to take account of stresses which may determine fracture, 
and that it should therefore be supplemented by a more rational 
theory. 


Similar considerations apply to the calculation of blade 
angles. It would be fair to work these out, as is done at present, 
on the assumption that they would remain unchanged under 
running conditions, provided that the actual performance of a 
propeller could always be predicted by the designer. Here’ 
again, however, the simple theory breaks down in certain cases. 
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For instance, the performance of a backward-tilted* propeller 
is materially different from that of an otherwise identical forward- 
tilted one. No plausible aerodynamic hypothesis has been 
advanced to explain this difference, but an examination of the 
twist curves provided a perfectly adequate account of the 
phenomenon. It has been urged as an argument for the use 
of forward-tilted blades that they can be made materially narrower 
than back-tilted ones for a given power. The explanation given 
in the present report suggests that precisely the same results 
could be obtained with back-tilted blades by increasing the 
angles. Although it would then appear, at first sight, that the 
latter blades were nearer the burble-point than the former, yet 
this would not really be so, since the difference would be annulled 
by the twisting of the blades in flight. 


2. Preliminary Discussion. 


It is convenient to consider the blade in relation to rectangular 
axes of reference ox, oy and oz. The system of notation adopted 
in previous reports} (see Fig. 12, R. & M. No. 454), will be adhered 
to in the present discussion. 


As regards the stresses and strains in the thinner or working 
part of the blade, it is sufficiently accurate for most purposes to 
assume that the blade is flat, as is done in the reports referred 
to above. The inclination of this portion to the plane of rotation 
may be taken to be the angle of the chord at the point of maximum 
air-load per unit length of the blade. Conformably with the 
notation of R. & M. No. 454 the axis of y must be taken parallel 
to this chord. oz must be taken perpendicular to the axis of 
rotation, and should run parallel to the projection of the general 
direction of the grain on the yz plane. 


It is convenient for the purpose of elastic analysis to define 
the shape of the central line by means of two projections on 
the xz and yz planes respectively, rather than by the plan and 
elevation as usually understood. In the present report, the 
slope of the xz projection, relatively .to oz, will be called the 
* tilt’ of the blade, and it will be termed forward or backward 
tilt according as it is in the direction of pressure on the blade 
or in the opposite direction. The slope of the yz projection will 
be referred to as the “sweep,” specified as leading or trailing 
sweep, according to its direction in relation to the leading and 
trailing edges. 


In the case of the thicker part of the blade near the boss, the 
‘surface tractions and body forces are negligible and the stresses 
may be found by the standard beam methods, supplemented 
by the soap-film method of calculation described in R, & M. 
No. 399, hence no further discussion is necessary. 


* Vide § 2, infra. 
t R. & M. Nos, 454 and 455. 
B3828z O 


SEE 
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Turning, then, to the thinner part, the chief distorting forces 
which have to be considered are the centrifugal forces and the 
bending moments about axes parallel to oy, which give rise to 
the longitudinal tensions and compressions Z, and shear stresses 
X, and Y,; the twisting couples about oz which involve the 
shears X, and Y,; and the transverse bending moments about 
axes parallel to oz. The latter have their source in the difference 
between the distributions of the applied moments and the flexural 
and torsional rigidities of the blade. They give rise to Y, tensions 
and compressions and X., shears. 


The Z, stresses depend on the tilt of the blade, while the 
twist, and hence the Y, stresses, depend on the sweep. The 
Y, and X, stresses are determined partly by the sweep and 
partly by the shape of the cross-sections. 

In addition to the attainment of maximum strength with 
minimum weight, &c., it is of interest to consider the possibility 
of controlling tI he twist in such a way as to secure a high all-round 
efficiency. 

Evidently it is not to be expected that a propeller can be 
designed so as to be completely satisfactory in both respects, or 
that a shape which is best in regard to one sort of stress leads 
to minimum values of the other stresses. 

it is proposed to illustrate these points by means of a com- 
parison of various possible methods of design, but first the question 
of calculating the stresses will be dealt with. 


3. Methods of Calculating Stresses and Strains. 


The. method of finding the bending moments due to the 
centrifugal force is well known. A similar process may be used 
to find the couples about oz due to the same force, which are 
of importance in connection with torsional strains. 


The theory of the twisting of propeller blades under their 
air-load was discussed in R. & M. Nos. 454 and 455, and, of course, 
the same method applies in the case of the normal components of 
the centrifugal force. 


On paper the theory put forward in these reports could be. 
extended so as to yield the values of the transverse stresses Y , 
and X,, but as the practical application of the equations would 
involve a double graphical differentiation, it is not thought that 
the results would be sufficiently accurate to justify the excessive. 
labour which would be necessary to obtain them. 


It is possible, however, to get a general idea of the factors 
which determine the magnitude of these stresses. Consider a 
plank cut with the grain at an angle 0 with its central line, and 
let it be bent by couples M applied to its ends about axes per- 
pendicular to the central line. The couples may be resolved 
into components N cos 0 and M sin 0 respectively parallel and 
perpendicular to the grain. Evidently the component M sin @ 
gives rise to cross-grain fléxure, and hence sets up the type of 
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stress under discussion, namely, Y,. It may be inferred that, 
other things being equal, the cross-grain stresses are larger the 
greater the sweep of the blade. This conclusion is substantially 
confirmed by experiments which have been made on actual 
propeller blades under various conditions of loading. 


_ The cross-stresses depend also on the lateral distribution of 
the load. Turning to the general equations (Appendix A, 
Eq. (1), (2) and (3), R. & M. No. 454), if the torsion is zero 
and the pressure P is everywhere balanced by the term 62M, /6z?, 
then the transverse stresses vanish. 


The actual distribution of P over propeller blades is not very 
accurately known, but so far as it is possible to make an estimate, 
it appears that this condition is sufficiently nearly fulfilled, in 
blades of small sweep, to render it legitimate to neglect the cross-_ 
stresses in these cases. There is no justification whatever for 
supposing that they can be neglected in blades of large sweep ; 
indeed, it is more than probable that some of the fractures which 
have occurred in blades with excessive trailing sweep have been 
due to this cause. 


In addition, certain second order stresses have to be taken 
into consideration. A report on these is in preparation, but it 
may be stated here that their only influence on the argument 
of the present paper is to emphasise the importance of the trans- 
verse stresses. 

4. Hxamination of some Methods of Design. 

The following alternatives will be discussed :— 

(a) Employment of a forward tilt such that the bending 
moments due to the centrifugal force are balanced 
by the corresponding bending moments due to the 
air-load. : 

(b) Adoption of a shape which twists so as to give a smaller 
angle of incidence when climbing than when racing, 
in order to improve the all-round efficiency of the 
screw. 


(c) Adjustment of the initial tilt in such a way as to make 
the tilt under the average air-load zero, the sweep 
being arranged so as to make the twist zero under 
these conditions. 


(4) A compromise between the preceding methods of 
design. 7 


(a) The object of designing for zero bending moment is to 
enable the blades to be made of minimum thickness, and hence 
to obtain maximum aerodynamic efficiency with minimum 
weight. It is obvious that it is impossible actually to design 
on the assumption that the bending moment is exactly zero, 
on account of the widely varying conditions under which a 
propeller is required to work. A different design should, in fact, 
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be used for each condition of working, but it is possible never- 
theless to reduce the bending moments very considerably by 
this means. 


Since, however, the elements of centrifugal force act through 
the centroids of the sections, whereas the corresponding elements 
of air-load act through the centres of pressure, it is evident that 
each section must be subjected to a resultant couple about oz, 
and itis impossible to eliminate these couples by adjusting 
the sweep. 


It is found, as a matter of fact, that blades of this type which 
are sufficiently thick to withstand the residual bending moments 
are by no means strong enough to support the twisting couples, 
and hence the apparent saving due to balancing the bending 
moments is largely illusory.* 


Moreover, the comparatively large twist which is inherent in 
this type of blade is a disadvantage from the drawing office 
standpoint, as it must be allowed for in the calculations. 


~ (b) A method of calculating the sweep of a propeller blade 
for zero twist under air-load was explained in R. & M. No. 455 
{§ 2, Eq. 16). A similar method applies in the case of the 
centrifugal force. 


It is found on applying this method that slight trailing sweep 
is required in the first case and slight leading sweep in the second. 
As a working rule, then, it may be said that in backward-tilted 
blades the twist decreases the angle of incidence if there is trailing 
sweep and increases it if the blades have leading sweep, in both 
cases. With forward-tilted blades the twist due to the centri- 
fugal component is reversed in sign, that due to the air-load 
remaining unchanged. 


For greatest all-round efficiency, the angle should diminish 
with increasing air-load. It is found that the attainment of 
this condition requires leading sweep in the case of the centrifugal 
force and trailing sweep in that of the air-load. Hence the 
two effects are necessarily opposite, and the desired end can 
only be obtained by making one of them large compared with 
the other. It follows that a blade having a large sweep is required. 
Unfortunately the Y, and Y, stresses in this type of blade are 
very high, and hence adequate strength can only be secured by 
using excessively thick blades. Not only does this reduce the 
possible range of angle variation, but it also probably involves 
a loss of efficiency which more than counterbalances the gain 
due to the twisting of the blades. 


In view of these considerations, it would not appear to be 
feasible to control the twist in accordance with aerodynamic 
requirements. Hence it is advisable to make it as small as 
possible. 


* Vide § 6 (b), infra. 
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(c) Since the sweep for zero twist under air-load is not quite 
the same as in the case of the centrifugal force, it is not possible 
to design a blade having zero twist under all flying conditions, 
but if the twist is made zero under mean conditions, it cannot 
be large in extreme cases. 


A convenient procedure is to make the initial backward tilt 
such that the tilt in the strained position under the average 
air-load is zero. In these circumstances the centrifugal bending 
moment vanishes and the shape of the blade for zero twist may 
be deduced from the air-load distribution. 


Figs. (1), (2) and (3) show the shapes which have been deduced 
by this method in the cases of three typical propellers, together 
with the shapes now in use. The calculation has been performed 
in each instance for the extreme conditions of climbing and racing. 
The line termed “j line” is the locus of the “ flexural centres ”’ 
of the cross-section of the blade (see R. & M. 399, § 2, and 
Appendix, Eq. 52). These centres are about 0-04 to 0-05 of 
the blade-widths forward of the centroids. 


It is practically certain that the X, and Y, stresses, as well 
as the Y, ones, are negligible in this type of blade, and hence 
the sections need be no thicker than is indicated by a consideration 
of the bending moments, provided, of course, that the necessary 
conditions as regards vibration frequencies can be satisfied. 


(d) A comparison of the two methods of design, (a) and (c), 
for least flexure and least torsion respectively shows that (a) leads: 
to a blade thinner near the root than (c), whereas near the tip the 
reverse is true.* The total weight probably comes out less in 
the case of (a), but (c) has the advantage in most other respects. 
The smaller thickness of the important part of the blade conduces 
to greater efficiency, and the chief stress is an end-grain com- 
pression as opposed to a shear. Moreover, as will be seen later, 
the range of safe speeds, from the vibration standpoint, appears 
to be greater in a blade of type (c) than in one of type (a). 


Finally, the calculation of the blade thicknesses from the 
bending moments is a periectly simple and straightforward. 
process, whereas in the case of torsion they must be obtained 
from a differential equation of such complexity that trial and 
error is the only practicable means of evaluation (see R. & M. 
No. 455, § 2, Eq. 9). 

There is, nevertheless, no reason to suppose that (c) is a 
better method of design than one intermediate between (a) and 
(c), in which the air-load bending moments are partially balanced 
by those due to centrifugal force. It is theoretically possible, 
in any such case, to calculate (from Eq. (16), R. & M. No. 455), 
the sweep which the blade must have for zero twist, the only case 
which is mathematically excluded being (a) itself, where the 
equation would indicate infinite sweep. Since the Z, stresses 


* § 6 (b), infra. 
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decrease progressively as we pass from (c) to (@), it is reasonable to 
suppose that some intermediate blade should be materially more 
economical than (c). 


It is found, however, that the requisite sweep increases 
rapidly as (c) is approached, and the calculated plan-forms soon 
assume such extreme shapes as to have no practical interest. 
We have seen that there is reason to suppose that the Y, and 
X, stresses are important, and may determine fracture in blades 
with large sweep, and it is probable that the extent to which the 
air-load can usefully be balanced against the centritugal force 
in blades of this type is definitely limited by these stresses. 
There is pr obably some form of blade intermediate between (a) 
and (c) which is more economical than (c), but there is no simple 
way of finding it, partly on account of the difficulty of estimating 
the transverse stresses and partly because of our present ignor- 
ance of the safe limits of these stresses in propeller timber. 


An alternative method of designing between (a) and (c) is 
to keep the Y, and X, stresses small by retaining the blade form 
of appr oximately zero sweep, which yields no twist under the 
air-load, while giving the blade a slight forward tilt in the deflected 
position. ‘This diminishes the bending moments, but it involves 
torsion of the blade by the centrifugal force. Here the designer 
is on surer ground, the aim being to adjust matters in such a 
way that the safe stress limits are reached simultaneously in 
torsion and bending. So far as present information regarding 
shear stress renders it possible to make an estimate, this condition 
holds when the centrifugal bending moments are 30-40 per cent. 
of those due to the air-load, so that this design yields a blade 
about 20 per cent. thinner than (c). It may be doubted whether 
this saving is adequate compensation for the introduction of 
twist and the attendant torsional stresses. 


5. Other Considerations. 


Bosides the pure stress-strain questions discussed above, it 
is nesessary in practical design to take account of several other 
points, the chief of which are :— 


(a) The Shape of the Laminations. 


These should be as straight and as straight-grained as possible. 
It frequently happens that the shape of blade indicated by the 
theory cannot be used because the laminations are very badly 
curved. 


(b) The Effects of Variations in the Average Modulus of the Timber, 


Hf, for instance, the actual E of the wood is appreciably 
different from that assumed in the calculations, then the tilt 
in the strained position is not the same as the estimated value. 
In some cases, notably when the sweep is large and the bending 
moments are nearly balanced, a small change in the tilt may 
involve a large change in the most important stresses. In such 
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a case the factor of safety must be made sufficiently large to 
cover any possible variations of modulus. 


(c) The effects of Hlastic Heterogeneity in the Material of Individual 


Blades. 
Such variation may make the properties of the blade quite 
different from those of a uniform propeller, and allowance must 


be mas for this in calculating the maximum stresses. 


If j is the y — co-ordinate of the flexural centre of a section 
(if E is variable it is equal to [E Ryédy i. | Hedy) then the position 


of the principal flexure point (see R. & M. No. 454) which deter- 
mines the twisting couple in any given condition of loading, is 


M dj 

S dz 
where M is the bending moment and 8 the shear force at the 
section. 


Consider the effect on this expression of a lamination having 
an abnormal value of K. The change in j depends on the position 
of the lamination in the blade-sections, but it is found by trial 
that the change in 7 is not very large even in extreme cases. 


dj 
dz’ 
depends not only on the position of the amnion, but also 
on the rate of change of its flexural rigidity with z. Other things 
being equal, this is proportional to the rate of change of some 
power of the sectional area of the lamination, which may vary 
from 1-5 to 2 according to the shape of the blade. Investigation 
shows that the change in this term may be several times the 
change inj in extreme cases, and hence it is important to minimise 
it if possible. 


Considering now the term in it will be observed that this | 


An examination of the drawings of actual propellers indicates 
that the magnitude of the effect depends very largely on the 
sweep, so that, for instance, in blades having the very large 
trailing sweep, which is a familiar feature of current practice, 
the possible variation in is from five to seven times as great 
as it would be in blades of the more symmetrical form indicated 
by the present theory. 


Minimum variation appears to be secured in blades of zero 
sweep, and, as has been seen, this shape is almost identical with 
that yielded by the condition for zero twist. 


It will be seen that. the influence of a lamination is in any 
case negligible if it be placed at the flexural centre. Hence 
if any form of timber grading is used, abnormal laminations may. 
be utilised with perfect safety provided they are placed near 
the middle of the propeller. 
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(d) The Hffect of Cracks and other Defects. 


Longitudinal cracks have but little influence on the strength 
of wooden members subjected to pure end-grain stresses. If, 
however, cross-grain stresses are present, such defects almost 
invariably connote very high local strains, and are usually 
sufficient ultimately to determine fracture. 


Since propellers are peculiarly liable to be slightly damaged 
when on service, it would appear to be advisable, from this point 
oi view, to make the transverse stresses as small as possible. 
Here, again, the method of design (c), § 2, is indicated. 


(e) The Vibration Periods of the Propeller. 


* The vibrations may be either torsional or flexural, or they 
may involve combined torsion and flexure. If the blade calculated. 
by the selected method of design has a period which synchronises 
with any of the engine periods at a normal running speed, it 
must be thickened up until this no longer occurs, 

The method of calculating the periods of pure flexural vibra- 
tions is mathematically identical with that of finding the whirling 
speeds of non-uniform shafts, and hence the well-known method 
of calculation employed in that problem, which consists in 
assuming a deflection curve and integrating, may be used here. 
It is convenient to take for this purpose the deflection curve 
which results from applying the air-load to the blade. 

A similar process may be used in the case of pure torsion, 
but here the equation to be solved is the general linear equation 
of the fourth order, with the independent term only absent, 
and it is not, therefore, probable that the first approximation 
yielded by this method would be sufficiently accurate. 


Usually, however, the vibrations must consist of torsion 
combined with both longitudinal and transverse flexure. The 
equations are then much more difficult, and so far no progress 
whatever has been made with their solution. 

A certain amount of information may nevertheless be 
obtained from general considerations. If a blade vibrate flexur- 
ally without twisting, the acceleration forces must act through 
the centroids of the cross-sections, and hence the form of the 
blade must be such that it does not twist under a load applied 
through those points. Usually this means that the blade must 
have very slight forward sweep. The same condition must hold 
if the blade is to vibrate torsionally without flexure. Further, 
it appears to be legitimate to infer that the frequency isa maximum 
when a blade has this shape, since the deflection of the central 
line, under given loads applied along it, must be greater in any 
other type of blade than it is in this one. That is to say, a blade 
with large sweep has a lower flexural vibration speed than any 
otherwise identical one of small sweep. This deduction appears 
to be confirmed by some experiments which are described below.* 


* See § 6 (c), infra. 
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If, however, the blade can execute pure flexural vibrations, 
then it must also have a period corresponding with pure torsion. 
Ordinarily, however, the frequency of the latter is at least three 
or four times that of the former, so that it is hardly likely, in 
general, to become a controlling factor in design. 


Generally speaking, the above remarks apply only to the 
gravest modes of vibration. It is obviously much more difficult 
to draw general conclusions regarding the higher modes, and 
they are also much less amenable to calculation, on account 
of the difficulty of assuming an appropriate displacement curve. 


If it should be found, after working out a design, that the 
first vibration speed is too low, it may be possible, as an alternative 
to thickening the blades, to run between the first and second 
speeds. The decision in such a case must be governed chiefly 
by the likelihood or otherwise of a protracted run at or near the 
first critical speed. 


It is found in those cases of the vibration of cantilevers which 
can be subjected to rigorous analysis that the intervals between 
frequencies increase considerably with increase in the rate of 
diminution of thickness towards the free end; from this point 
of view, the method of design (c), § 4, has a distinct advantage 
over (a), since the usefulness of a propeller may be prea deter- 
mined by its range of safe speeds. 


(f) The Nature of the Timber. 


The method of design to be used evidently depends on the 
relative values of the stresses which can be allowed in the various 
directions. For instance, padouk is remarkable in having an 
abnormally high elastic limit in longitudinal compression, and 
yet when tried in a standard propeller of the customary trailing- 
sweep type it did not give very satisfactory results. An examina- 
tion of its behaviour under Y, and Y, stress shows that this is 
not surprising, since it is characterised in these respects by high 
moduli and low strengths. Undoubtedly, if padouk is to be 
employed in propeller work, method (a) of § 4 should be used 
in designing, so that full advantage may be taken of its peculiar 
properties. 


On the other hand, if it be desired to use wavy-grained timber, 
having a low or variable longitudinal strength, method (c) would 
probably be preferable. 


(g) The Effects of a Burst. 


Many cases are on record of accidents having been caused or 
narrowly averted when propellers have burst in flight, owing 
to the carrying away of a strut or tail-boom by the detached 
piece of the propeller. The probability or otherwise of this 
evidently depends very largely on the shape of the blade. If 
there is large trailing sweep, it is almost certain that the starting 
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of a longitudinal crack must be followed by the complete separa- 

tion. of ie trailing edge. If, however, the sweep is small, there 

seems to be no reason why such a mishap should involve anything 
more serious than loss of power. 


6. Hxamples and Hxperements. 
(a) Lffect of Tilt on Performance. 


Ordina rily, R.A.E. propellers are designed with such a degree 
of hacker dtilt that the elevations of the trailing edges are 
straight in the undeflected position, and, in general, the perform- 
ance of such propellers are in agreoment “with the calculated 
ones. This does not necessarily mean that the twist of the 
blades is negligible; it is possible that there are errors in the 
design data which approximately balance the effect of the twist. 
When, however, the same data are applied to the analysis of 
screws having forward tilt such that the leading edges are straight 
in clevation, it is found that agreement cannot be obtained, 
the angles of incidence being apparently too small to account for 
the observed performances. 


There seems to be no aerodynamic reason for this discrepancy, 
but an examination of the torsional properties of the two types 
of ‘blade shows that whereas in the former case the centrifugal 
force tends to decrease the angles of incidence, in the latter it 
tends to increase them, and this is therefore a possible explanation 
of the phenomenon. Further, an estimate of the difference in 
twist in any given instance should ° agree with the increase in 
angle indicated by the calculation data as being necessary to 
account for the observed performance, independently of possible 
errors in the data, since any such error should be cancelled in 
taking differences. 


This has been done in the case of propeller No. T.28181 
(8.1.5, H. C. H.S. Viper). It was estimated that a mean increase 
in the blade angles. of 4° would bring the calculated performance 
into agreement with the actual one, while elastic analysis showed 
that the change of twist, due to altering the tilt so as to make 
the trailing edge, instead of the leading edge, straight in elevation, | 
could vary from 3-5° to 5-5°, according to the values chosen for 
the elastic and other constants of the timber. Thus the present 
theory is capable of giving a quantitative as well as a qualitative 
explanation of the difference between forward and backward-tilted 
blades. 


(b) Comparison between Methods of Design (a) and (c). 

§ 4. The ratio of blade thicknesses necessary to support the 
twisting couples in the case of (a) to those required to withstand 
the bending moments in case (c) has been determined for a series 
of points along the blades of propeller T.28086, which has 
radius of 47”. The ratio of safe stresses in bending and torsion 
has been taken to be (A) 15 and (B) 25. So far as is known, 
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(A) is probably a representative value for walnut and mahogany, 
while (B) is nearer the truth in the case of padouk. The results 
are given in the subjoined table :— 


Distance from tip. (ins.) = ate a 8 


A | B 
3 1-75 2-26 
10 1-26 1-68 
15 | A 1-45 
20 1-01 1-30 
yrs) Q-95 1-23 
30 0-90 1-16 
30 Q-: 1-08 


It will be seen that, in case (A), (c) is definitely superior to (a) 
in the more important portion of the effective part of the blade, 
but that (a) gives thinner sections near the boss. In case (B) 
the superiority of (c) is still more marked. It is extremely 
doubtful whether the reduction of thickness in the boss sections 
is a real advantage, as it must involve a lowering of the vibration 
frequencies, and it probably also reduces the interval between 
the first two periods. 


(c) Haperiments on Vibration Frequencies. 


The first flexural period of a propeller blade having very 
pronounced trailing sweep was calculated from data obtained 
from the blade itself, and was found to correspond with a speed 
of 1,824 rp.m. The actual frequency of the gravest mode of. 
the blade was found by experiment to be 1,412 per minute, so 
that in this case calculation gave a result 29 per cent. high. 


As another example, two half-scale blades, A and B, were 
constructed. <A had a slight leading sweep and B a large trailing 
sweep; otherwise they were identical. Their periods were 
found experimentally and by calculation. Incase A the calculated 
result was 5 pcr cent. above the actual, while in case B the figure 
was 19 per cont. 


As a provisional rule, then, it may be taken that the usual 
method oi cstimating the first critical speed, without considering 
twist, yields a result which may be as much as 30 per cent. high. 
The error depends on the sweep and it is probably zero in blades 
of zero sweep. e 


An attempt to measure torsional periods experimentally 
failed to give definite results, probably on account of the very 
large hysteresis damping. 

In all these experiments the method employed was to clamp 
a thin steel blade to the propeller so that its free length could 
be adjusted until maximum resonance was obtained when the 
propeller blade was set vibrating in a definite manner, ¢.g., by 
dropping a weight on it from a given height. In these circum- 
stances, the period was equal to or a sub-multiple of that of the 
resonator, which could be calculated. 


PRELIMINARY REPORT ON THE TWISTING OF PRO- 
PELLER BLADES. 


By A. A. Grirritru, M.Eng., and B. Hacus, B.Sc. 


Presented by the SUPERINTENDENT, Royal Aircraft Factory. 


Reports and Memoranda, No. 454. January, 1918. 


SUMMARY.—In the present report a discussion is given of an attempt 
to apply the results of the soap-film method, for the torsion and flexure 
of cylindrical beams of any section, to the problem of finding the twist 
of propeller blades in flight. 

It is shown that a simple extension of the theory of long cylindrical 
beams is quite inadequate to account for the observed phenomena in the 
case of tapering blades. Further, it has been found that the twisting 
of a wooden blade differs essentially from that of an otherwise similar 
metal one of the same stiffness. 

A theory is developed, in an Appendix, which assumes that the blade 
is thin and its neutral surface plane. It is shown by comparison with 
the results of direct experiment that this theory is capable of representing 
satisfactorily the torsional properties of tapering propeller blades; but, 
though much useful information can be obtained from it, there are diffi- 
culties attendant on the practical application of the equations. It is 
hoped to remove these in a later report. 

A circumstance which was disclosed in the course of the experimental 
verifications, is that the twist curves of opposite blades of a propeller, 
made in accordance with modern practice, may differ by an amount 
which may be as much as six times the usual manufacturing limits on 
the balance of angles. This appears to be due chiefly to the elastic 
heterogeneity of the timber employed, and it is suggested that some 
method of grading the wood might greatly improve propeller practice 
without involving the scrapping of any timber save that which is quite 
unsound. Also the twist of the blades could be minimised by this means. 

It is further pointed out that unequal twisting of the blades may 
account for much of the noise which is emitted by propellers under flying 
conditions. . 

_ Lists of formule and symbols, definitions and tables of experimental 
and calculated results, are appended to the end of the report. 


1. General Statement of Problem. 


The blades of a propeller are tapering beams of completely 
unsymmetrical form, and, therefore, the strain due to their air- 
load must, in general, include torsion as well as flexure. The 
aerodynamic properties of the propeller are determined, not by 
the unstrained shape of the blades, but by their form under 
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flying conditions. Hence it is necessary for the designer to know 
the magnitude of the torsional strain, and, if it is greater than 
the usual manufacturing limits on angles, to take it into account 
in preparing his drawings. The nature of the twist is also of 
interest from the standpoint of vibration, which plays an in- 
creasingly important part in modern propeller practice. 


Experiments have been made, from time to time, with a 
view to discovering an extension of the ordinary theory of bend- 
ing and twisting of long beams which would represent adequately 
the behaviour of propeller blades, but the result has always 
been unsatisfactory, so much so, indeed, that it has usually 
been necessary to express the unknown quantities by means of 
a number of empirical constants at least equal to the number of 
experiments. 


The accurate determination, by means of soap-films,* of the 
torsional and flexural properties of cylindrical beams of propeller 
section furnished, for the first time, a means of calculating these 
constants independently and so applying a rigorous test to this 
“beam” theory, as it may be called. Briefly, this theory 
consists in assuming that each element of the length of the 
blade behaves, both torsionally and flexurally, as though it 
were part of a cylindrical beam of the same section, and treating 
the blade, in the ordinary way, as a long beam having a curved 
central line, or rather, “line of flexural centres.’’ + 


For the purpose of checking the theory, it is quite unnecessary 
to reproduce the actual air-load. It is equally satisfactory to 
compare the calculated and observed twistt curves when the 
blade is loaded with a single concentrated load in any convenient 
position. 


When this test was applied to the old theory, it was found 
that, while the two curves were accidentally in fair agreement 
in one instance, in general the calculated and observed results 
were entirely at variance. For example, Fig. 1 (Table 1, 
Appendix D) shows the twistt calculated on these assumptions 
for two opposite blades of an F'.H.2p propeller (Drawing No. 
T’.28020) for a concentrated load of 58-88 Ibs. in the position 
shown in the developed plan-form, together with the corre- 
sponding curves found by experiment in the manner described 
later in the report. It will. be seen that in this example the 
theory fails completely as the calculated line does not agree 
with either of the observed curves or with their mean. When 
torsions are plotted instead of twists the divergence is even 
more obvious. It may be mentioned here that preference was 
given to this example because it illustrates another point in 


* See Reports Nos. R. & M. 333, 334 and 399. 
t See Report No. R. & M. 399. 
{ See Appendix C for definitions of ‘‘ twist ” and ‘ torsion.” 
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connection with propellers, namely, that, owing to the hetero- 
geneity of material, the twist curves of opposite blades may be 
entirely different. ‘This will be referred to later. 


In view of this and similar evidence, the problem was then 
_attacked by the method given in the appendix. Briefly, this 
method consists of an application of the theory of flexure of 
a thin plate under a load applied normally to its surface. It is 
assumed primarily that the neutral surface of the plate is plane, 
and it is probable that this is substantially justified so far as the 
thinner parts of a propeller blade are concerned; in any case, 
the twist of the thicker parts is negligible, owing to their much 
greater torsional stiffness. 


As the Appendix shows, the general equations were much 
too complicated for practical use, but simplifications were intro- 
duced by assuming that the values of Young’s modulus for the 
wood, in a direction across the grain, was small in comparison 
with that along the grain. The problem was still further 
simplified by making the torsion zero. The solution of the 
equations then gave the unique distribution of load which could 
be applied to the blade without causing any part of it to twist.* 
The position of the line of action of the resultant shear force 
on every section of the blade was found for this case, and a line 
joining the two points through which these shear-force resultants 
passed was drawn on the plan view of the blade. It is proposed 
to call this line the “line of principal flexure,” since it specifies 
the type of bending in which strain-curvatures of the surface of 
the blade in the planes zx and xy are principal curvatures. Con- 
formably with this nomenclature, the point where this line cuts 
any section may be referred to as the “ principal flexure point ”’ 
of that section. 


On account of the intractability of the general form of the 
equations of equilibrium, it was sought to estimate the torsion, 
under any assigned load, by assuming that the couple acting on 
any section was given by the product of the actual resultant 
shear force into its perpendicular distance from the principal 
flexure point. 


An initial difficulty was, however, encountered. In applica- 
tions of this method to problems relating to thin curved rods of 
isotropic material, sections are taken normal to the central line. 
In the case of wood it was thought that the sections should be 
perpendicular to the grain. To test this, recourse was had to 
experiment. ‘T'wo blades of propeller plan form and constant 
thickness were prepared, one of well annealed aluminium and 
the other of walnut, and the torsion measured along each when 
it was set up horizontally and loaded with a single concentrated 


* When the curve of bending moment against length had any assigned 
form. 
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load of suitable magnitude. The measured curves are shown 
in Fig. 2 (Table 2, Appendix D), together with the plan form of 
the blade. It is obvious that for a blade of uniform thickness, 
the line of principal flexure and the centroid of the zy sections, 
are both coincident with the locus of the points of bisection of 
the chords. The calculated curves shown in the same diagram ‘ 
were obtained by the following methods. 


In the case of the aluminium plate, which was probably 
approximately isotropic, sections were taken normal to the central 
line and the arm of the couple acting on any section was taken 
to be the perpendicular distance of the principal flexure point 
from a line drawn through the load normal to the section. ‘The 
procedure adopted for the wooden plank was equivalent to this, 
save that the sections were all taken normal to the grain. 


Fig. 2 shows the calculated and observed torsion curves for 
these two beams. It will be seen that, though there is a marked 
difference between the.two experimental curves, each agrees 
well with the appropriate calculation, and hence the hypothesis 
regarding the difference between the treatment necessary for 
wood and metal is substantiated. 


Naturally, this method of finding the torsion is open to 
several objections, which necessitate modifications of the simple 
theory outlined above. In the first place, the torsion is a 
function of y as well as of z, whereas in this method of treat- 
ment it is assumed to be constant over any section, z = constant. 
The result obtained is probably more or less accurately the mean 
torsion at any section, or, say, the torsion at the centroid, and — 
for this reason all experimental determinations of torsion have 
been made at the centroids of the sections. 


Further, it is shown in the Appendix that a tapering beam 
is, at any section, stiffer than a cylinder of similar cross-section, 
by an amount which depends on the actual magnitude of the 
torsion and its rate of change with respect to z. Although this 
increase in stiffness of the sections of a tapered beam is probably 
small for blades of isotropic material, it is certainly not so in the 
case of wooden blades. 


Lastly, it is shown that if the torsion varies with z, there is 
a distribution of shear force over the section which depends on 
the rate of change of torsion and is additional to the ordinary 
distribution of shear force due to torsion. 


Both these effects are of great importance in the case of a 
propeller blade, and it is necessary to know the actual torsion 
curve before it is possible to take them into account. This 
does not matter as far as checking the theory and the validity 
of the assumptions, by comparison with torsions measured on an 
actual blade, is concerned, since the requisite data for the calcula- 
tion of these effects can te taken from the measured torsion 
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curves. The position is, however, otherwise when it is desired 
to employ the theory in the estimation of the twist curve of a 
new propeller. In that case the only direct course is to assume, 
from previous experience and the uncorrected torsion curve, a 
probable form for the actual torsion curve and work back from 
that ; this would have to be continued as a process of successive 
approximation until the corrected curve coincided sufficiently 
nearly with the assumed one. It is hoped that it will be possible 
subsequently to develop an indirect or empirical method of 
overcoming this difficulty. In any event, as will be seen later, 
the uncorrected torsion curve is capable of yielding much of 
the information required by the designer. 


_ 2, Description of experimental results and corresponding calculations. 


All the experimental results and the corresponding data 
calculated by means of the theory were obtained for the case 
of a blade bent by a single concentrated load, and the following 
three types of blade have been dealt with in this way :— 


(2) A special walnut plank having a flat top surface and 
trapezoidal cross-sections, as shown in Fig. 3. 

(6) The blades of a B.EH.2c, 4-bladed propeller (thrust 
meter), Hig. 4. 

(c) The blades of a two-bladed 8.E.5 propeller (‘T.28086), 
Hig. 


The general jprocedure of calculation and experiment is the same 
in all cases. 


It is shown in the Mathematical Appendix (see Fig. 12 for 
the directions of axes) that the line of principal flexure passes 


a vite 
through the centroid of the curve of the function =e Gis 
against y for any value of zc = constant. Thus the y co-ordinate 
of the line of principal flexure is 


Viney hea Ry 26 /2ti 
le (5). vay. / [S(F) dy 


for concentrated load. This quantity can be readily found if 
the function 


Wack 7) = Be. Da ys eae } 
pa ret Al 12| 1. 7.22 oz \I 


is calculated. For this purpose it is necessary to know the 
thickness ¢ of the blade at every point. This was found for 
the propeller blades concerned by mapping out contour lines 
of constant thickness upon the surface of the blade with the aid 
of a micrometer caliper. A tracing of this contour map was then 
taken (see the developed plan forms in Figs. 4 and 5) and from it 
was constructed a series of curves giving the thickness as a 
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function of z for various constant values of y. From these 
curves 2?, ¢? and, by graphical differentiation °t /oz, were calcu- 
lated and set out in tabular form for various constant values 


1 
sOtret ae Malin er [aa i al t?dy was also found by integrating 


curves of ¢° plotted as a function of y for constant values of 
z, and hence z/I and its differential with respect to z were 
determined. It was then a simple arithmetical process to com- 


Wit Ga? 203 
plete the calculation of DES AGY From the table so pre- 
pared the positions of the principal flexure points were found 


a Wg i? ; 
by plotting 3 7. ; 0 as a function of y for various constant 


values of z, and determining the centroid of the resulting curves. 


By this means the line of principal flexure was obtained 
and plotted out on the plan view of the blade, together with the 
line parallel to the grain through the point of application of the 
load, and from the two curves the couple arm was found in the 
manner described above; these couple arms, when multiplied 
by the value of the load gave the couple T. The “ cylindrical 
torsional stiffmess” C was calculated from the expression 


Tih 
C = 4I / (1 + le and the average value of modulus of 


rigidity was found from a series of experiments carried out upon 
test specimens cut from the blade. Then the value of +t, the 
uncorrected torsion, was given by t=T/NC, and is shown 
in the uncorrected curves of Figs. 3, 4 and 5 (Tables 3, 4, 4a, 5 
and 5a, Appendix D). 


When the torsion curve had been actually measured, it 
was possible to calculate the two effects dependent on the rate 
of change of torsion, namely, the increase of stiffness due to 
the taper of the blade and the additional distribution of shear 
force due to the variation of torsion with z. The observed 
torsion curve was differentiated graphically with respect to z, and 
the actual stiffness, C’, of the tapered beam calculated from the 


expression 
; b? Crea Nes 
rei O (1 + 0: 14— a (=) ), 


wherein +,, is the measured ts The calculation of the 
additional shear force distribution is very similar to that employed 
above for the principal flexure shear force. ‘The expression for this 
additional shear force (see 5 ieige?: 16 in Appendix) is 


Et? OT Kf Tm 3 0°, m| 
Gus e les Ty eae tat iat Jt 


* See R. & M. 334. 
+ Appendix A, §2. 
+ Appendix A, §3. 
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when E is taken as constant; 0T,, oz and 0°7,, /oz® were found 
graphically from the measured curve ; and y, = y — Y, where 
‘Y is adjusted so as to make the total bending moment due to 
this shear force equal to zero: it is shown in the Appendix 
that Y must be the y co-ordinate of the centroid of the curve: 
of ¢3. The same tabular form of calculation was employed, and 
the result added to the previously determined shear force, 
VW Ow Zhe 
iA Soraya ll 
a function of y (z constant) was found as before. The couple 
T, is found from the curve through the points so obtained on 
the developed plan form of the blade and the line through the 
-load parallel to the grain, in a manner precisely similar to that 
just described, and hence the curve of corrected torsion 
«, =T,/C’, shown in Figs. 3, 4 and 5 (Tables 3, 4, 4a, 5 and 5a, 
Appendix D) is obtained. It is seen from these diagrams that 
the final corrected curve is in good agreement with the measured 
curve, especially in the case of the flat wooden plank, Fig. 3. 
The theory assumes that the neutral surface is plane, which is 
substantially true in this case, but not so in the case of the pro- 
peller blades of Figs. 4 and 5. Further, the plank consisted of 
one piece of wood, whereas the blades were laminated, and it is 
probable that much of the discrepancy between the calculated 
and observed results is due to these two causes. In the case 
of Fig. 3 it should be noted that the drooping of the measured 
curve over the calculated curves for the large values of z may 
be largely due to additional stiffening given to the end sections 
of the plank by their proximity to the thick part by which it 
was fastened to the bench when under test. 


). The centroid of the curve of total shear force as 


The experiments may be conveniently considered under two 
headings :— 


(2) measurements of twist and torsion to check with the 
calculations ; and 

(6) measurements of the elastic constants, E and N, for 
use in calculating the torsion curve. 


(a) Dealing with the first of these sub-divisions, the experi- 
mental arrangements were as illustrated in Fig. 6 and briefly 
described below. The propeller to be tested, A, was firmly 
fixed by means of a nut and plate to the cast iron table B, and 
tilted over to such an angle as would make the part of the blade 
to which the load was applied truly horizontal. The load was 
applied by means of a slotted shackle C, a hanger D whose 
position on the shackle was adjustable, and disc weights EK. 
The edge of the shackle bearing on the pressure face of the blade 
was shaped up to a blunt knife-edge in order to give approximate 
line distribution of the load, interference with the natural anti- 
clastic curvature of the blade when bent being prevented as 
far as possible by the interposition of a piece of soft felt between 
the shackle and the blade. The torsion on the blade when the 
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load was applied was found by mounting two small, mirrors 
upon needle points which were pressed into the blade on, the 
line of centroids at a distance of 1 inch apart) The \images 
of a distant scale in the mirrors were observed by means of a 
telescope, and the angle of relative rotation between the two 
mirrors, due to the application of the load, was noted. Obviously, 
this angle was very nearly equal to the torsion midway between 
the two mirrors. By this means, with the scale 1-5 metre from 
the mirrors it was possible to estimate the scale reading to 1/10 
- mm., corresponding to an angle of 1/30,000 radian relative 
rotation between the mirrors. 


The mirror method just described is the simplest and most 
direct way of obtaining the torsion experimentally, but another 
and indirect method is to measure the twist and then graphically 
differentiate the curves obtained—a matter of no little difficulty 
when accuracy is desired, owing to the irregularity of the 
measured twist curves. The twist can obviously be found by 
the mirror method by determining the rotation of a mirror 
mounted at the centroid of a section, relatively to that of a 
second mirror mounted on the stiff part of the blade near the boss. 
A second method is to employ a sensitive clinometer, such as F, 
in Fig. 6, which can be applied in turn before and after the 
application of the load, to a series of geometric mounts G set 
centrally over the line of centroids. Such a clinometer’ has 
been employed extensively for the measurement of twist and 
was capable of measuring to within 0-15 x 107% radian. 


(6) Experiments for the determination of the elastic constants 
of the blades were carried out by cutting from them a large 
number of cylindrical specimens, from which the values N and 
EK were found by the usual torsion and bending tests. Flexure 
tests were made by observing the curvature directly by means 
of a special spherometer which is shown applied to a propeller 
blade at H in Fig. 6, and in general detail in Fig. 7. Briefly, 
this instrument consists of a frame standing on three steel points 
and supporting a fixed mirror. A second and movable mirror 
is attached to an L-shaped mount which is supported on a steel 
point pressed into the specimen under test, two points on the 
upper surface of the L resting respectively in a slot and on a 
plane on the under face of the frame. It is clear that when 
flexure takes place the points of support of the frame will move 
vertically (in the plane of flexure) relatively to the point which is 
supporting the movable mirror, and thereby tilt the latter. 
Curvatures of 1 /16,000” could be measured with this instrument 
with ease, and quantities 1 /10th of this magnitude estimated. 


Other effects—The theory described above and developed in 
the Appendix was, of course, based on the assumption that the 
strains and displacements were everywhere so small that their 
squares could be neglected. When they cannot be so neglected, 
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it is necessary to consider certain secondary effects, and two of 
these may be of importance in the bending and twisting of a 
propeller blade) under flying conditions. 


In the first place, if a beam suffer a finite deflection under 
a load which is not parallel to one of the principal axes of its 
cross-section, the beam twists slightly so as to make the axis 
of minimum moment of inertia more nearly perpendicular to 
the load. This twist is additional to that due to symmetry of 
loading and initial curvature of the central line. 


Secondly, if the axis of flexure be not an axis of symmetry 
of the cross-section, there is a tendency for the latter to distort, 
by means of transverse bending, so as to make it more nearly 
symmetrical. This transverse bending must have some influence 
on the distribution of shear force. 


Both these effects are proportional to the square of the load, 
and hence it is always possible, in experiments such as the 
present ones, to reduce them to negligibly small dimensions by 
suitably reducing the load. 


_ It is proposed to discuss these second order effects fully in 
a later report. It is merely necessary to mention here that the 
conditions of the experiments described above were so adjusted 
as to make the effects sufficiently small to be neglected. 


3. General conclusions. 


Difference of twist of opposite blades.—A point of no little 
practical importance, which has been disclosed in the course 
of the experimental work carried out in connection with the 
present report is that, under present manufacturing conditions, 
differences in shape and elastic properties of individual blades 
of a given propeller may be responsible for their twist curves, 
under flying conditions, being quite dissimilar. This is strikingly 
illustrated in Fig. 1, where it is seen that the twist curves of two 
opposite blades under a concentrated load do not even possess 
the same general characteristics, and less markedly in the case 
of two other propellers, whose twist curves are shown in Figs. 8 
and 9 (Tables 6 and 7, Appendix D). 


An attempt has been made to estimate for the curves of 
Fig. 1 the probable out-of-balance twist of these two blades under 
flying conditions. The result is shown in Fig. 10 (Table 8, 
Appendix D); the error of this curve may be, perhaps, 30 per 
cent., but it is not probable that it is more. For the purpose 
of comparison, the manufacturing limits imposed on the balance 
of angles on opposite blades have been plotted on the same 
diagram. It appears that the out-of-balance twist may be five 
or six times as great as the manufacturing limits, for the 
important part of the blade near the tip. 
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Apart altogether from its other bad effects, it is thought 
that this want of balance may account for part, at least, of the 
noise emitted by propellers in flight. 


To put the matter very roughly, let it be imagined that the 
cylinder of air acted on by the propeller is divided into a number 
of parts, equal to the number of blades, by helicoidal surfaces, 
so that each of these portions contains the air acted on by one 
blade. It seems fair to assume that the density of the air in 
any one portion is related in some way to the angle of attack 
of the corresponding blade. If, then, the angles of the blades 
differ, it is evident that there must be a constant stream of 
alternate condensations and rarefactions proceeding from the 
propeller, and hence sound must be produced. 


Bearing of the present work on design.—It has been seen that 
the theory outlined in this report does not lend itself readily 
to the calculation of the true twist curve of a propeller blade. 
It is possible, however, to make useful deductions from the 
‘uncorrected curve.” Fig. 11 shows such an “ uncorrected 
twist curve’ calculated for the blades of an 8.E.5 propeller 
under an assumed distribution of air-load; the remarkable 
constancy of torsion over a considerable part of the blade is 
particularly noticeable (see Table 9, Appendix D). 


In the first place, the positions of the points of zero and 
maximum torsion are not greatly altered by the introduction 
of the corrections, and, secondly, in the three examples which 
are considered in this report, a curve which is, for many purposes, 
sufficiently near the measured curve, may be obtained by reducing 
the uncorrected values by about one-third. Pending the evolu- 
tion of a more satisfactory process, this might be adopted as a 
working rule. It is, of course, equivalent to employing a value 
for the modulus of rigidity of about 0-21 to 0-23 x 108 Ibs. /sq. in., 
instead of the actual figures of 0°14 to 0°15 x 10°, 


From many points of view, it is advisable to construct pro- 
peller blades so that they shall twist as little as possible. The 
most obvious way of doing this is to modify the plan form of the 
blade until a shape is found for which the line of principal 
flexure coincides as nearly as possible with the actual line of 
shear force resultants due to the air-load. To conform to this 
condition, propeller blades would have to be swept back con- 
siderably less than is usual at present. 


There is, however, another method of attacking the problem. 
In the theory outlined above, the principal Young’s modulus 
of the wood has been assumed to be constant. By making the 
successive laminations of the blade of different woods, or of 
different grades of the same wood, it is possible, within certain 
limits, to make the modulus any arbitrary function of y, the 
transverse co-ordinate. The extension of the theory to this 
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case is obvious. Hence it is possible to exercise a certain - 
amount of control over the shape of the line of principal flexure 
without altering the plan form. 


It is proposed to defer the general discussion of the strength 
of propeller blades to a later report, but it may be remarked 
here that, in view of the great importance of torsional stresses, 
the observation in the preceding paragraph opens up the interest- 
ing possibility of strengthening propeller blades of certain forms 
by reducing the strength of the wood in the leading laminations. 


The propellers mentioned in the present report were taken 
at random from among those made under ordinary workshop condi- 
tions at the Royal Aircraft Factory. Hence it seems fair to assume 
that their properties are more or less representative of average 
practice, yet in only one of the three cases is there approximate 
balance in the twists of opposite blades, while in one of the 
others the asymmetry is startling. 


It is evident that little is to be gained by attempting to 
design blades so that they shall twist in a certain way, if it be 
possible for uncontrolled factors to account for an asymmetrical 
twist of about a degree. It is equally superfluous, in such a 
case, to impose on the balance of angles, manufacturing limits 
of one-fifth to one-fourth of a degree, and yet the necessity 
for balance of this order appears to be indisputable. It would 
seem, then, that some kind of control over the elastic properties 
of the timber used is called for. 


One possible method is to introduce into the inspection 
routine some simple standard loading test, the balance of twist 
on opposite blades being limited within certain bounds. The 
objection to this course is that it would involve scrapping the 
unsatisfactory propellers for reasons over which the manufacturer 
had no control. 


Another way which suggests itself is to subject the planks 
to a simple flexure test immediately after rough planing. For 
instance, they might be placed on supports and bent by a given 
load in the middle. A pointer actuated by the movement of 
the middle of the plank would read “Grade 1,” “Grade 2,” 
‘‘Grade 3,” &c. Two other pointers would be governed by the 
inclinations of the supported ends. The difference between the 
readings of these pointers would be subject to certain limits, 
as any lack of balance here would involve a corresponding 
asymmetry of twist in the opposite blades. Planks unsatis- 
factory in this respect would be rejected. 


The drawing office might then direct, for example, that 
laminations 1, 2 and 3 of a certain propeller be drawn from 
grades 1, 3 and 5, or, alternatively, from grades 2, 4 and 6, and 
soon. It is easy to see thus how by the employment of some 
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process of this sort two perfectly sound propellers ‘could be 
produced from timber which under the present system jof random 
selection might easily be made into two unsatisfactory ones. 


It is evident that, under present conditions, the two-bladed 
propeller is much likelier to have “elastic symmetry ” than a 
four-bladed one. In the latter case it is necessary, in order to 
get balance and freedom from the source of noise referred to 
above, for each lamination to pair with the corresponding one 
in the other two blades. In the two-blader, all that is required 
is uniformity of single laminations. 
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MATHEMATICAL APPENDIX A. 


1. Deformation of thin wooden plank. 


It is required to find the equations of Diieatie of a thin plank 
when slightly deformed by a pressure P lbs. per sq. in. acting normally to 
its surface. 


Let the axis of x be normal to the plank, the axis of y perpendicular 
to and the axis of z parallel to the grain of the wood (see Fig. 12). 
Further, let 
t = thickness of plank. 
u = displacement of neutral surface, parallel to ox. 
E = Young’s modulus parallel to grain. 


o = corresponding Poisson’s ratio. 

E’ = Young’s modulus perpendicular to grain. 
o = corresponding Poisson’s ratio. 

N = Modulus of rigidity for Y, shears. 


tot 
It is assumed that /, “ ; a are small everywhere and that the neutral 


surface of the plank is plane in its unstrained state. It is further assumed 
that there is no extension of the neutral surface. 


Consider an elementary block of the material (see Fig. 12) ¢, dy, dz. 


The edge ¢ dy is acted on by a shear stress resultant parallel to oz, 
S, ay say, and the flexural and torsional couples M, dy and T, dy about 
axes parallel to oy and oz respectively. 


The edge ¢ dz is acted on by shear stress resultant S, dz and couples 
M, @z and T, dz. 


Lastly, there is a normal force P dy dz acting on the face dy.dz 


The three equations of equilibrium which are not satisfied identically 
are 


a “ ie se (1) 

ge ~ Se) (2) 

tae : 
From these equations we find 


Also we have 


E’t8 02u 02u 
SPs 12(1—so’) * te oF) (5) 
AB 072 u ,o-Uu 
Mais (Tea) (SS aa) (6) 
Neetu 
Ay = Mies = ~6. . OV 02 . . . . ° e (7) 


The substitution of expressions (5), (6) and (7) in equation (4) gives 
the general equation for u. It is the object of the investigation to find 
the particular solution of this equation which satisfies the assigned 
boundary conditions. 
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It is evident that the general problem is much too difficult to solve 
by rigorous analysis. 
We may note, however, as facts of experience that 


(a) E’ is only about one-sixteenth of E, for the timber commonly 
used in propeller manufacture. 


(b) o’ is of the order of 0-001. 


2 
(c) Under the load distributions usual in propellers, at and 
2 


o of are of opposite signs and about the same magnitudes. 


In view of these considerations, it would appear legitimate, for prac- 
tical purposes, to neglect certain terms and write the equation in the 
simpler form 
Oop Le ood 0 (NE 0% 
ae iE A) aay aN wiz) +P =0 eae TR} 


(8) may be further simplified by putting the torsion 


aca 
ayoz equal to zero, 
The equation then determines the load under which the flexure is 
‘‘ principal flexure.”’ We see that in this case a 3 is constant across any 
section of the blade by an vy plane. If I be the moment of inertia of 
this section, and M the bending moment on it, we have 


a2 /M t8 
Bee EO cic cny te. «Bl 
and the shear stress resultant, ne (1) and (6), 
Ook Niac 25 
= = LAF 2 2) e ° : ° ° (9) 


If the distribution of load along oz is assigned, this equation determines 
the unique distribution SES oy which will bend the blade without 
twisting it. . 


By calculating S, at a number of points, we can find the lines of action 
of the resultant shear forces on a series of sections and thence plot out 
the “‘ line of principal flexure.” 


We may then seek, as described in the text, to deduce the twist under 
any other distribution by finding for each section, the distance between 
the principal flexure point and the line of action of the actual resultant 
shear force and assuming that the couple so obtained twists the blade 
as it would a cylindrical blade of the same section. This treatment, 
however, requires modification by reason of the effects dealt with in §§ 2 
and 3 below. 


2. Increase of stiffness due to taper. 


If the torsion t on a blade be not independent of z, the torque required 
is greater than would be necessary in the case of a uniform torsion. 


Assuming the’ distortion of the cross-section to be the same as it is 
in the torsion problem of Saint-Venant, we may put it equal to t (vy — Y)x 
for any thin blade, where Y is a constant of the section. 


d 
Hence (y — Y)# — represents an extension of the longitudinal fila- 


ments of the blade, and the strain energy due to this extension is 


t- [az - [0 —y Z| Redes Paws (10) 


per unit of length. 
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The total bending moment due to these strains is 


Hrs at : 
Aaa y) GW A : : Hil) 


This must be zero, and hence 


[Py —¥) a0 OS TEE One) 
or Y is the y co-ordinate of the centroid of the curve of ¢* against y. 


The strain energy due to the ordinary torsional shear strains is 
4NC7? 
where C is the “ cylindrical ”’ stiffness of the section: 


Hence the total strain energy is 


E /dt\2 rc 
4 N Cr? + tiz(gs) 4 Jew—yray " . (13) 
Hence if C’ is the effective torsional stiffness 
E ft?(y — Y)?dy 1 dt\3 
c= [1 + JOD ae 7 oS Se lil vurrenea las 
or 
E 1 /dt\?2 
c =cl1+#yala) | va. Peat i Lae 


where # is a known constant of the section. 


It is evident that the foregoing analysis can be only approximately 
correct, since it assumes that the cross-sectional distortion is the same 
as in the case of a cylindrical blade under a uniform torque ; experiments 
have been made, however, which indicate that it is probably within one 
or two per cent of the truth. 


It will be seen that the magnitude of the stiffness correction depends 


E 
on the ratio NG and hence it is much greater for wooden members than for 
metal ones. 


3. Additional shear force due to variation of 7. 


If + be not independent of z, there may be a shear stress resultant 
which is additional to the ordinary torsional shear stress, of magnitude 
ofE?¢s OT 
sz sal eae? | 
where, as is easily seen, Y must be the same as before in order that these 
additional forces may not affect the assigned distribution of load along oz. 


(16) 


Like the increase of stiffness due to taper, these forces cannot be 
calculated unless the torsion curve is known or can be approximated to 
by successive trial. 
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APPENDIX B. 


Definitions of terms used in this Report. 


Principal flexure —That mode of flexure of a thin plank in which the 
strain-curvatures in the planes vy and yz are principal curvatures, or, 
in other words, non-torsional flexure. 


Line of principal flexure —A curve drawn ‘on the developed plan-form 
of a propeller blade, passing through the lines of action of the resultant 
shear forces acting on the vy sections of the blade, when the flexure is 
principal flexure. 


Principal flexure point.—That point of an xy section which lies on the 
line of principal flexure. 


Twist.—The angular displacement of an vy section about oz. 


Torsion.—Twist per unit length. 
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APPENDIX C. 
Inst of symbols and formule. 


Area of xy sections of a propeller blade. 


4] 
‘““ Cylindrical torsional stiffness,”’ 4I / (1 nek 
/ 


Corrected stiffness of a tapering blade. 


ieee h/t ck 
= c[1 Tin aly | 
Young’s modulus parallel to the grain in wood, 


Young’s modulus perpendicular to the grain in wood. 
Moment of inertia of vy sections of a thin blade 


b 

cen 3 

= 72], t3 dy, 

Bending moment acting on any section of blade. 
Modulus of rigidity for zy shears. 

Pressure acting normal to surface of a thin blade. 

Shear stress resultant for a blade under principal flexure 


0 (M2 
meoz (; 79) 


Torque acting on any section of a blade. 

Magnitude of a concentrated load. 

y co-ordinate of the centroid of the curve of ¢* against y. 
Chord of xy sections of a propeller blade. 

A constant of xy sections of a propeller blade 


ie £3(y — Y) *dy /12C. 


Thickness of thin plank. 

Displacement of neutral surface of thin plank. 
Co-ordinates normal to the blade. 

Co-ordinates perpendicular to the grain of the wood. 
Co-ordinates parallel to the grain of the wood. 
y—yY. 

Poisson’s ratio corresponding to E. 

Poisson’s ratio corresponding to E’. 

Torsion of xy sections = 02u /dy.dz. 
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APPENDIX D (TABLES). 


TABLE l. 
TWIST CURVES OF PROPELLER F.E.2p 


(DRAWING 1.28020); FIG. 1. 
First Blade. Third Blade. Calculated (Old Theory). 
Distance Twist in Distance Twist in Distance Twist in 
from Load. Radians from Load. Radians from Load. Radians 
Inches. x 10-3 Inches. 4103 Inches. SA 4 oe 
1°42 3°60 1°5 — 5°77 5°0 8:00 
3°50 5°24 3°5 — 6:07 hs) 3°84 
5°36 7°33 sys) — 3:00 10°0 + 1:42 
7°50 5°86 as — 2°62 12 0-00 
9°30 3°68 o°5 — 1°50 15:0 — (0°78 
11°50 2°94 Bisd — 2°23 20:0 —1-10 
13°24 2°36 13°0 — 1°65 25°0 — 1-00 
15°50 1°87 Lanes: — 1:2] 30°0 — 0°66 
17°18 1°68 17°0 — 0°41 35°0 — 0°32 
19°50 1°43 19°5 —0°35 40:0 —0'14 
Z1c12 13 Bao —0°13 50°0 0-00 
23°50 O72 cou — 0°21 
25°06 0°62 Zick —0°57 
27:00 0°43 29-0) — 0°36 
29:00 O:o2 31:0 *— 0°54 
31°00 0°43 33°0 —0-80 
32°94 0°52 35°0 — (0°74 
35°00 0°43 37°0 — 0°50 
36°88 0°34 50°0 0-00 
50°00 0°00 
TABLE 2: 


TORSION OF BLADES OF UNIFORM THICKNESS ; 


Distance from 
Load. 


FIG. 2. 


Aluminium Plate. 


Inches. 


0 
2 
+ 
6 
8 
10 
12 
14 


Observed 


Torsion Radians 
per Inch x 10-8 


Walnut Plank. 


Torsion Radians 
per Inch x 10-8 


Calculated 


0-681 
0543 
0420 
0-321 
0-224 
+ 0100 
— 0-035 
—0-180 


Observed 


Torsion Radians 
per Inch 5c 10-* 


Calculated 


Torsion Radians 
per Inch x 10-8 


| 0 650 
| + 0:035 
| —0°245 
—0°422 

— 0°560 
—(° ee? 


TORSION CURVES 


TABLE 3. 


VARIABLE THICKNESS ; 


Distance from Load. 


Observed Curve. 


Uncorrected Curve. 


FOR A WALNUT PLANK OF 


FIG. 3. 


Corrected Curve. 


Inches. | Radians per Radians per | Radians per 

Inch x 10-8 Inch x 10- Inch x 10-8 
1-0 0:400 0-620 0-319 
2°0 1-320 1°575 1°100 
3°0 1°550 1-890 1-400 
4°0 1-490 2°000 1-390 
5°0 1-430 1-930 1-300 
6°0 1-350 1-800 1°243 
8:0 1-160 1-441 1:048 
10-0 0-880 1-130 0-810 
12:0 0°540 0-815 0°568 
14:0 0-200 0°630 0-309 
16-0 — 0°530 0°152 

TABLE 4, 


CALCULATED TORSION CURVES OF PROPELLER 
B.E.2c (THRUST-METER) ; 


Distance from Load. 


| Uncorrected Curve. 


FIG. 4. 


Corrected Curve. 


 Radians per Inch x 10-* 


Radians per Inch x 10-8 


. —0°467 
-+- 2°100 
2°865 
2°335 
1°842 
1-405 
1°16] 
0°856 
0°641 
0°433 

-+ 0°140 
—0:004 


0-000 
1-290 
1°850 
1-700 
1°395 
1-120 
0-900 
0°731 
0°513 
0-316 
0-132 


—_— 
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TABLE 4a. 


OBSERVED TORSION CURVE OF PROPELLER 
B.E.2c0 (THRUST-METER); FIG. 4. 


Distance from Load. Radians per Inch 


Inches. x 10-8 


0°125 
0°540 
0°930 
1-°240 
1-432 
1-399 
1-300 
1-215 
1°120 
0°975 
0°885 
0-700 
0-451 
0°313 


KORNHODURDNAWIO4 
ANAAMAOANAAAAOIH 


Oe ee | 


TABLE 5. 


CALCULATED TORSION CURVES OF PROPELLER 
S.E.5 (DRAWING 7.28086); FIG. 5. 


Distance from Load. | Uncorrected Curve. Corrected Curve. 
Inches. | Radians per Inch x 10-8 Radians per Inch x 10-8 
he ed Jos —0°410 
4 3°900 -+ 2°250 
6 4:690 2°810 
8 4°230 2°140 
10 3°520 1°720 
12 2°750 1°309 
14 1°970 ’ 1026 
16 1°190 0°750 
18 .0°770 0:464 


TABLE 5a. 


OBSERVED TORSION CURVE OF PROPELLER 
S.E.5 (DRAWING 1.28086); FIG. 5. 


Distance from Load. ESE Gen Tell 

Inches. <x 10-3 
1°5 —1°375 

2:5 +0:0645 
3°5 1°392 
4°5 2°485 
5°5 2°450 
6°5 AA a8) 
75 1°820 
11°5 1100 
15°5 0:800 
20°5 0:420 

TABLE 6. 


OBSERVED TWIST CURVES FOR PROPELLER 
B.E.2c (THRUST-METER); FIG. 8. 


Distance First | Second Distance Third Fourth 
from Load. Blade. Blade. from Load. |: Blade. Blade. 
Inches. isn ae cies me ldMiecbes ol tte ges) |e serge, 
1 32°79 §°23 1 je | 11°59 

2; 34°61 8°24 2 bar) 5°54 13°68 

3 34°75 9°30 3 14°40 13°81 

4 32°37 8:01 4 12°65 12°86 

5 29°37 a 6 10°55 11°54 

6 26°47 5°73 9 6°68 9:20 

9 18°83 3°18 10°5 5°60 8°40 

12 13°36 1°81 12 3°81 6°58 
18 6°40 1°18 14 ibs PA 5°63 
24 3°24 1°06 16 3°02 4°85 
30 1°84 0°89 18 2°67 3°83 
36 1:09 0°43 21 2°43 2°80 
c.f amet — 24 1°41 LOZ 
= <= — 30 1:03 1°35 
ae: — — 36 0°74 0°85 


Ec I ee 
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TABLE 7. 


OBSERVED TWIST CURVES FOR PROPELLER 
S.E.5 (DRAWING T.28086); FIG. 9. 


First Blade. | | Second Blade. 


Distance from Load. Distance from Load. 


Twist in Radians Twist in Radians 
Inches. x 10-8 Inches. x 10-3 
0 11°13 0 15°70 
1:0 18°38 1:0 25°42 
1°5 20°76 Paes Ww 27°58 
2°0 22°14 3:0 29°03 
25 23°00 50° 24°27 
3:0 22°87 6:0 23°54 
4:0 20°14 70 20°21 
5°0 18°65 9:0 15725 
7°0 16:09 11:0 11°30 
9:0 12°68 15:0 6°43 
11:0 10°51 19:0 3°65 
15°0 6°51 23°0 ZAG 
19°0 4:27 - 270 116 
2a) 2°59 aa — 
27°0 1°34 od — 
TABLE 8. 


OUT-OF-BALANCE TWIST CURVE OF PROPELLER 
F.E.20 (DRAWING T.28020) UNDER AIR-LOAD ; 


FIG. 10. 
Out-of-balance Twist. Limits on Balance of Angles. 
Distance from Tip Distance from Ti 
of Blade. Twist in Minutes. of Blade. Angle in Minutes. 
(Inches. ) (Inches. ) 
5°0 55°] 2°0 + 10-0 
7°95 55°3 6:0 +11°5 
10°0 | 561 14:2 + 15°0 
12°5 | 93°0 24°0 + 18°5 
15:0 | 36°3 33°8 + 20°0 
20°0 | 19-0 — — 
25:0 | +66 = - 
30:0 | —1°5 — — 
35°0 | —2°4 — oe 
40-0 | —0°8 — a 
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TWIST CURVES OF PROPELLER FE 2D. (DRGT.2g0z0) 


Positive [wislS ave counterclockwise, viewed 
from tip of blade, and diminish Ihe angle 


Of incidence . 
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FIG 7. 


GENERAL ARRANGEMENT OF SPHEROMETER. 


Rocking mitror | Light from scale 


Adjusting screw | 
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OBSERVED TWIST CURVES FOR PROPELLER BE.20. (rnrust-meter). | 
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Load 26:75 lbp . 
! 
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OBSERVED TWIST CURVES FOR PROPELLEK S.ES. DkG.T.28086. 
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OUT-OF-BALANCE TWIST CURVE OF PROPELLER FED. 
(DRG. T 28020) UNDER AIR-LOAD. 
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TABLE 9. 


CALCULATED TWIST CURVE FOR PROPELLER 
S.E.5 (DRAWING T.28086) UNDER AIR-LOAD ; 


FIG. 11. 
Distance from Tip of 
Blade. Twist in Radians x 10-8 
(Inches. ) 
0 29°3 
POS 29°5 
5:0 2°42 
7°5 | 20°5 
10°0 15°9 
h | aP hs] 
15:0 7°1 
P75 4:2 
20:0 pias 
30:0 0°5 
0 


B3s2snii (esriog | | 20a d@aw 
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SECOND REPORT ON THE TWISTING OF PROPELLER 
BLADES. 


(SUPPLEMENTARY TO R. & M. 454.) 


By A. A. GrirrirH, M.Eng., and B. Hacusg, B.Sc. 


Submitted by the SUPERINTENDENT, Royal Aircraft Factory. 


Reports and Memoranda, No. 455. February, 1918. 


SUMMARY.—The method of investigating the twist of propeller blades, 
which was developed in R. & M. 454, is interpreted mathematically by 
making a certain assumption as to the shape of the cross-sections. 
A general equation expressing the twist as a function of the radius is. 
obtained, and an experimental method of solving it is evolved. 


It is shown that blades of certain shapes may be peculiarly liable to 
torsional vibration, and that a plan form common in current practice 
possesses this property to an appreciable degree. It is further shown 
that the maximum stress due to torsion may determine fracture in this. 
case. 


A method of calculating the shape of plan form in any given case, 
in order that the blade shall not twist, is deduced, and it is shown that 
this leads to a nearly symmetrical form in one instance. 


The effect of the large torsional hysteresis of timber in damping out 
vibrations is discussed, and it is suggested that herein may lie the reason 
for the comparative failure of metal propellers up to the present. 


Finally, suggestions are made for the modification of current practice 
in accordance with the indications of the present theory. 


1. Statement of the Problem.—In a previous report to the 
Committee (R. & M. 454) an approximate method of dealing with 
the problem of the twisting of propeller blades was discussed, 
and it was shown that it yielded results in fair agreement with 
those of actual experiments. 


The application of this method involved a large amount of 
graphical work. In the present paper it will be shown that most. 
of the latter can be eliminated and differential equations obtained, 
which express the torsion as a function of z only, by making 
certain assumptions regarding the shape of the cross-sections, 
which are substantially justified in the case of actual blades. 
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2. Mathematical Analysis—The notation is the same as that 
used in R. & M. 454, save that + is substituted for Y, the 
y - co-ordinate of the centroid of the curve of ¢%, at any section. 


In addition, however, to the relations 


L° : 
[yg ay =L4 BAT peel th 
we shall put | 


a dy SI.h 
ly . 12 ( Yy =1.h" } 
the integrations being taken over a section, z = constant. 


It will be assumed, besides the hypotheses made in T.1075, 
that the blade thicknesses can be represented in the form 


eer a. Heal 

12 —— b ° Xx ( b ) e ° ° (2) 
where y is any functional form independent of z, and it will also 
be assumed that the values of ¢? at the edges of the blade are 


sufficiently small to be neglected. These are fair assumptions 
in the case of propellers at present in use. 


In its simplified form, the equation which represents the 
displacement, wu, of the neutral surface of the blade, is 


Geeta O° 0 ie ou 
. Ch baa. ee ~ ° e 3 
z oz? (3 ) en: e a) (3) 


In deducing this equation, it was assumed that the stress 
couples and stress resultants acting on the elements of the blade 
could be expressed in terms of t and wu by means of the relations 
which are valid in the case of plates of uniform thickness. It 
is known that this involves an approximation, though means are 
not yet available for finding accurately the extent of the deviation 
of equation (3) from the truth. An attempt was made inR. & M. 
454 to estimate the deviation in the case of the torsional couples 
on the assumption that the distortion of the cross-sections was 
the same as in uniform torsion, when it was found that the 
error might reach 10 to 15 per cent. in important cases. These 
are probably outside figures, as it is almost certain that the actual . 
distortion of a tapering blade must be less than that of a cylindrical 
one. 


The assumption made in developing the graphical method of 
2 
R. & M. 454, from this equation, was that Ke or t was independent 


of y. The mathematical consequences of this assumption will 
now be examined. 
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We have 
07U 
| aye v (4) 
hence 
eh 


Sey A) (2) SAS) 


where is independent of y, substituting in (3) 


C2 {3 dy a2 {8 ue 
eA {8 (vi +)) ane (8) ar a0. © 


Integrating the terms of this equation over the surface of 
the blade, from the tip to the section z = constant, we see 
that the term in P becomes the resultant shear force on the section, 


that is, it is equal to — she where M is the bending moment on 
the blade. 


In performing the integrations it is to be noted that 


Thies yo iN ee il Of yy NEY 
£(8)=.(057) OH ACaNE - 0 


and that, in the terms which are integrated ‘by parts, the 
‘integrated ’’ terms vanish, since ¢° is zero at the edges. 


We find 
d dy 
Bel (+5 v dz Biss, Se 


or 


Hilde ae 
whence wv is known. 

Now multiply (3) by y and integrate as before. The term 
containing P is now the moment of the forces acting on the 
section, about oz. In addition to the points referred to above, 
it will be observed that k? — y? is independent of the origin 
of y and that (k? — +?) /b? is a constant depending on y only. 


Calling I the couple resultant due to the stresses on the 
section, we have, as the final result, 


d : pee es : | 


The quantity 
F d 
Tt — Ee (M +) : ; mah kes 
ee only on the elie load and the shape of the blade. 
It may be found directly by multiplying the resultant shear 
force on the section by the distance between its line of action 


ree ad 
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and the principal flexure point (see T.1075). The distance of 
the latter point from oz is, of course, 


d aM. 


oda eee 5 ARS 
Putting 
T— {My =6 | 
E I (k? — +?) ea Q? (12) 
4 NI ee 
we see that (9) becomes 
dr di) dt : 
ieee ed Ma Gebas ut 4a 
Put U =7Q then (13) reduces to 
d2Uy, ah) Ne ae 


Since the coefficients of this equation are all functions of z, 
its direct analytical solution presents considerable difficulties, 
but a certain amount of useful general information may be drawn 
from it. This will be referred to later. 


It will be noted, however, that the coefficients depend only 
on the shape and size of the cross-sections of the blade, and 
that the independent term, G, depends only on the shape of the 
plan form and the nature of the load. Hence, if we have one 
plan form, A, given, such that the couples on it are G when it is 
subjected to the air load, then we can find another plan form, 
B, on which the couples are also G when it is bent by a single 

| load, W, applied at the tip. Further, we can adjust the cross- 
sections of blade B so that its coefficients in (14) are the same 
as those of blade A. It follows that the twist curves of the 
two blades in these circumstances are identical. It will be 
shown subsequently that this can be made the basis of a simple 
experimental method of finding the twist of propellers under 
their air-load. 


If the values of Q and R are given, it “5 possible to find the 
shape of the plan form which the blade must have in order that 
it shall not twist. 


Let the centre of pressure of the air-load acting on a portion 
of the blade bounded by planes z =constant, separated by 
a small distance $z, be at a distance c from the centroid of the 

_ t® curve of this portion, that is, let the y—co-ordinate of the centre 

of pressure be c++. Then, from (13) the condition for Zer0, 7, 18 
d? d *M | aad 

‘aMn=W+t0GR.  - (8) 

where ¢ is independent of ¥, if it be assumed that the air-load 

distribution is not altered by changing the shape of the plan form. 
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Integrating this equation, we find 


1=| pa | OM Gia dade : : st C46} 


the first constant of integration being zero if the integration be 
started from the tip of the blade, and the second merely additive 
and therefore of no importance. 


From (16) the curve of +, and hence the developed plan 
form, may be set out in its ue relation to the direction of 
the grain (axis of 2). 


3. Application of the Mathematical Work.—In equation (14) 
2 
the terms in U and 55 may be either of the same or opposite sign. 


In the former case the torsion due to the couple G is less than 
would have been obtained on the old theory, that is to say, the 
2 
eifective torsional stiffness is increased by the term in aS In 
the latter case the reverse is true, and if at any point the two 
terms should happen to be nearly equal numerically, then the 
effective stiffness may be very small indeed and hence a local 
region of very high stress is to be expected. It is also evident 
that a blade containing regions of this sort must be very much 
more susceptible to torsional vibrations than one which does 
not contain such regions. 


Although it is difficult to solve (14) directly, yet the interest 
attaching to the shape of the torsion curve, more especially in 
view of the above observation, is so great that some method of 
finding it would appear to be essential to progress in design. 
This might be done experimentally by loading an actual blade 
_ with sand or shot in such a way as to approximate to the air- 
load. Naturally, this method presents considerable difficulties. 
We may, however, find the same twist curve experimentally by 
constructing another blade, whose plan form is determined from 
the original one by the method explained in the analytical section, 
and loading it with a single load at the tip. The method consists 
simply in adjusting the shapes of the two blades so that the 
equations (14) representing their torsions are identical in these 
different conditions of loading. 


It will be seen that the technical details may be further 
simplified by making the sections of the auxiliary blade rectangu- 
lar, since their shape is immaterial, provided that the quantities 
Q and R are fixed. Again, the auxiliary blade may be made on 
any convenient scale, and one piece of wood only need be used 
in its construction. Hence, from every point of view, it is far 
more probable that the indirect experiment will give an average 
result, representative of a uniform blade, than it is SL such a 
result would be obtained by the direct method. 
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Another point worthy of note is that the true values of Q 
and R which should be used in equation (14) are greater than 
those given by relations (12) by an unknown amount, on account 
of the tapering of the blades. It is probable, in view of the nature 
of this factor, that these quantities are also greater in the case of 
the auxiliary blade by approximately the same amount. 


Fig. 1 shows the twist and torsion curves of the S.H. 5 
two-blader propeller dealt with in R. & M. 454, obtained by means 
of an auxiliary blade in the manner described above. The 
maximum twist is about 1-5°, and it occurs at the tip of the blade. 
As was generally anticipated, the twist is only important in the 
part between the tip and a point halfway between the tip and the 
centre of the boss. 


On the assumption that the shear stresses due to torsion 
and bending are the same as they would be in a cylindrical bar 
under uniform torsion and a concentrated load respectively, 
the maximum total shear stress, in the directions yz, works out 
at 380 lbs. per sq. in. at a point 13 inches from the tip. 


The effect on the torsion of variations in the value of E, 
such as are known to be possible, has been estimated, and it has 
been found that if the modulus vary uniformly with y, in such a 
way that the leading lamination is 1-8 times as stiff as the trailing 
one, then the maximum shear stress may be as much as 500 lbs. 
per sq. in. 

These figures are certainly below the truth on account of 
the neglect of the unknown factors due to taper. It is improbable 
that these involve an additional stress of less than 100 Ibs. per 
sq. in., and :t is quite possible that their effect may be much greater. 


Reliable figures ‘relating to the shear strength of walnut 
under various types of loading have yet to be obtained. Some 
simple torsion experiments have been made which seem to 
indicate that the ultimate strength of walnut in this respect 
is not much greater than 2,000 lbs. per sq. in. under a unidirectional 
torque applied for about fifteen minutes only. Under a steady 
torque, applied for an indefinite period, it may be little more 
than half as much. Regarding the effect of vibration on the 
ultimate strength nothing whatever is known. 


In the foregoing investigation no account is taken of the 
possible effect of vibration in raising the maximum stress. 
When this is allowed for it becomes highly probable that blades 
of the form under discussion are not over-designed even on the 
basis of ultimate strength. 


At present it is usual to design propellers on the basis of the 
greatest longitudinal tension. It is known, however, that in 
propeller bursts tension failures are comparatively rare. In 
view of the present figures this is not surprising, and it is evident 
that the method of designing for maximum tension, without 
reference to the shape of the plan form, is inadmissible. 


512 
Fig. 2 shows the curve of U (equation 14), obtained from 
the experimental torsion curve of Fig. 1, for the important part 


of. the blade. It will be seen from. the form of (14) that the 
value of U at any place where the curve has a point of inflection 


should be equal to QG / R '— Q-- g a) The dotted curve of 


Fig. 2 shows the latter quantity for all points along the blade. 
It will be seen that it cuts the curve of. U very nearly at the 
points of inflexion of the latter. In calculating R, allowance 
has been made for the probable value of the factor due.to taper. 
This only amounts to 5 to 10 per cent. at most parts of the curve, 
and therefore does not affect the general nature of the result. 
2 
At points where the U curve lies above the dotted one ee 
and U are of opposite signs, and hence these are portions where 
undue susceptibility to torsional vibrations exists. It is 
unfortunate that there is, in this type of blade, a well marked 
region of this sort in the neighbourhood of the section where the 
maximum stress occurs. This is evident from the diagram ; 
in fact the torsion. at the section of maximum stress is about 
1-8 times as great as the value which would have been obtained 


, #U 
if Ta? had been neglected. 


The most satisfactory. way of avoiding these sources of 
trouble is to choose the plan form in such a way as to make the 
twist as smallas possible. IiU is small and of the first order, then 
a?U | 
second order compared with U and hence can never be important. 


is a small quantity of the third order, that is, it is of the 


- Equation (16) of the mathematical discussion determines 
the shape of plan form of any blade in order that it shall not twist. 


_ This equation has been applied to the blade examined above, 
nd the resultant developed plan form is shown in Fig. 3. The 
dotted curve shows the present form of blade. It will be seen 
that the shape given by (16) is much more nearly symmetrical 
than the original blade. The axis of z PUNE of course, the 
general direction of the grain. ae 


‘The effect of possible variations in oe “AE of E has been 
eee noatal in this case also, and it has been found that with 
the same variation as before the maximum -shear stress could 
only. be about one-fifth of its value in the previous case. — 


4. The Damping of Torsional Vibrations in-Propeller Blades.— 
Another report to the Committee (R. & M. 528) gives an account. of 
' some torsion experiments on wood which indicate that a -very 
large amount of hysteresis must. accompany any torsional 
vibrations of wooden members. It: is suggested that this hys- 
teresis may be responsible for most of the damping of such 


FIG I. 


REPORT N°. ASS. 


= 
4 


esi ON 3 
iL WOSs SONVISIC 
QS 


cote. 


*QVO7 dW SSGNN Sawie AST sd0ad VAG NOSSO 


OL 


eB 
o 


eOl * HON Sad SNVICGVS 'NO} 


sol* SNVIGWS ISIML 


FIG 2. 


455. 


REPORT N2 


“SSHONI 


‘dil Woss SONVISIC 


OS 


“GWOT alv ASQNN 


r| 


OVid watadd0sd V JO NOISNOL 


SO 


2 2 
S-w NB AW A 20 SSNWA 


0 
Gu 


4 


Sé 


SP 


( 


FIG 3. 


455. 


REPORT Ne 


“UTPIE) JO USL ang 
nS 108 Sl Ol 


[FO SAIRD eae 


“WuOa NVid INSSSYd SHE SMOHS SATAD GSLLOd SAL 
SNOISNOL O8EZ ONIAVH SOVIS SO WNOS NWid Gad0 Tals 


HLIROLS: 


* 
* 


ARY 


ibe 
OF THE. 


* 
he 
xs, 


id 
£ 


i 


re 


we 
ice 
oS 
tasked ; 
« 
= @ 
eine 
= 
de 


eles dl ne, apd 


PL 


513 


vibrations in the case of air propellers, and therefore may be one 
of the most valuable properties of propeller timber. 


There is, in fact, a certain amount of evidence to show that 
the damping due to the air forces alone is insufficient in the 
very severe vibration conditions which subsist on aircraft. 
If a blade twist so as to reduce the angle of incidence (which is 
the direction usual with present plan forms) two things happen. 
In the first place the air-load is decreased, and in the second the 
centres of pressure move towards the trailing edge. These 
effects tend respectively to decrease and increase the couple G, 
and hence the damping moment due to them may be either positive 
or negative according to the shape of the plan form, or it may 
be positive in some places and negative in others. 


More direct evidence is provided by the numerous attempts 
to make metal propellers. So far, none of these have been 
successful from the point of view of strength, although the metal 
construction is theoretically as strong as the wooden one on 
the basis of direct tension, and almost certainly pogecraa ly 
stiffer torsionally. 


This would appear to indicate that in these cases, where 
damping due to elastic hysteresis must be practically negligible 
until the elastic limit is reached, the air-damping is insufficient 
to keep the torsional vibrations within safe limits. 


As further evidence on this point, it may be noted that all- 
metal propellers have been known to fail at the boss, whereas 
propellers with wooden blades and metal bosses of the variable 
pitch type have stood up successfully. 


Ii this should prove to be the true Sea it implies 
that metal is an unsuitable material for propeller blades unless 
the air-damping can be largely increased by a suitable modification 
of the plan form and cross-sections, or unless the cyclic variations 
of engine torque can be largely reduced. 


5. Application to Design.—It is suggested that the matter 
dealt with in this report and in R. & M. 454 points to the 
following as being desirable modifications in propeller practice, in 
the order of their probable importance :— 


(1) Adoption of the shape of developed plan form given 
by equation (16) above. 

(2) Adoption of some method of grading timber according 
to the value of its Young’s modulus, as detailed as 
practical considerations will permit. 

(3) Use of machine shaping in preference to hand work 
wherever possible in order to secure uniformity in 
the blade sections, since it is impossible to predict the 
twist curve of a blade unless the shapes of its sections 
are known accurately. 


(4) 


(5) 


= 
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Replacement of the electric drive usual in bursting 
and other propeller tests by an arrangement more 
nearly representative of the vibration . conditions 
which obtain on aircraft engines. It may be noted, 
in this connection, that little information can be 
obtained, regarding the strength of propellers under 
flying conditions, from a test in which the motor is 
almost ideally free from vibration, since actual bursts 
on service, in the great majority of cases, occur on 
engines in which vibration is particularly noticeable. 


Introduction of some simple torsional vibration experi- 
ment into propeller timber inspection routine in order 
to obtain a figure for its damping efficiency. 


(6) Use of two-bladers in preference to four-bladers when- 


ever other circumstances permit. 


The advisability of this course arises from the 
circumstance that it is much easier to get elastic 
balance, and the consequent comparative freedom 
from noise and vibration, in two-bladers than in 
four-bladers. 


6. Values of Section, Moduli, &c.—The following figures, 
representing average values for the quantities used in the 
mathematical work, may be found useful in applying it to actual 


blades :— 


b 


bmn 


= blade width. 
= may. thickness of section. 


Distance of centroid of t° curve from trailing edge = 0:59 b. 


i! 
R 


Q 
(E 


—= 0:0434 b3 . £3. 
= 4 NI. 

== 9-189 b 4/1. 

= Young’s Modulus. N =Modulus of rigidity.) 


THE VARIABLE PITCH PROPELLER—EXPERIMENTS 
CONDUCTED AT THE ROYAL AIRCRAFT FACTORY. 


Presented by the SUPERINTENDENT of the Royal Aircraft Factory. 


Keports and Memoranda, No. 402. January, 1918. 


—_<$<$<$._ ~ 


SUMMARY.—(a@) Introductory—(Reasons for inquiry).—It is evident 
that some improvement in performance can be made by the use of a pro- 
peller of variable pitch, and:it was desired to find the extent of this and 
to investigate the mechanical difficulties of the problem. 


(6) Range of investigation.—A variable pitch propeller was designed 
and made at the Royal Aircraft Factory and fitted to a B.E.2.C., R.A.F. 
1A., 100 h.p. engine. This propeller has been tested for strength on a 
testing tower and for performance and details of operation in flight, and 
compared with standard and special climbing propellers. 


(c) Conclusions.—The variable pitch propeller can be made a satis- 
factory mechanical job for this power and speed of revolutions, and can 
be operated satisfactorily. It outclimbs and outdives the standard 
propeller and gives greater speed than the climbing propeller at all speeds 
above the climbing speed. ; 


(da) Applications and further developments.—Such an improvement in 
performance is undoubtedly worth the small extra cost of construction. 


Variable pitch propellers might also be used for brake purposes. 


1. The most important criterion of performance of a fighting 
aeroplane is a compromise between rate of climb and speed at a 
height of about 15,000 ft. Reports T. 930 and 930a on “ The 
design of aeroplanes for use at great heights ’’ discuss the possible 
ways in which improvement in this performance should be sought 
apart from the improvement of the engine. The conclusion 
arrived at is (a) that an improvement in climb can be obtained 
for a very small sacrifice of speed by increasing the wing area, 
but that this suffers from the serious drawback of causing a 
decrease in manceuvrability ; and (b) improvement in design of 
the airscrew gives greater possibilities. If the airscrew be designed 
for maximum efficiency and to hold the engine on full throttle 
at the maximum permissible revolutions at the level speed of the 
aeroplane at the height under consideration, there will be a loss 
of power climbing due (a) to decreased revolutions and (b) to 
decreased efficiency. The propeller can be designed for maximum 
efficiency in climbing, when there will be a loss of efficiency if 
flying level, or for maximum revolutions in climbing when the 
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engine must be throttled at higher speeds. The calculations 
showed that some improvement in the performance of R.E. 8 
at 15,000 ft. could be obtained by designing the propeller for that 
height. But whatever can be done by redesigning the propeller 
for any one condition and purpose can be very nearly obtained 
by a variable pitch propeller for all purposes and conditions. 
The performance with a variable pitch propeller will be the 
envelope of the performance curves of ee designed for 
special purposes. 


The speed of an aeroplane along a horizontal flight path 
is not of much greater importance than the speed along any other 
flight path, climbing or diving, and the advantage of the variable 
pitch is increasingly apparent as the angle of climb decreases 
through level flight to an angle of dive. It enables the full engine 
power to be used on a steep dive without excessive engine revolu- 
tions. 


2. Performances can best be compared on a diagram of rate 
of climb plotted against speed. The attached figures (1) to (3) 
‘show such curves. It will be seen generally that the use of 
a climbing propeller, allowing the engine to run at maximum 
revolutions at climbing speed, involves a serious loss of speed 
‘on the level, and still more when diving, on account of the power 
lost by throttling the engine down to the maximum permissible 
revolutions. Fig. 1 is drawn for (a) a theoretical variable pitch 
propeller for S.E. 5 at 10,000 ft.; (b) a theoretical “ climbing ” 
propeller ; and (c) the Etoile propeller tested at the Royal Aircraft 
Factory. It will be seen that the variable pitch propeller gives 
the same speed as the Etoile but a greater rate of climb and higher 
speeds diving along a given flight path, because the full engine 
power can be used without excessive revolutions. The climbing 
propeller gives a slightly better maximum rate of climb, but 
much lower sleet 


3..These curves are based on curves abined from experi- 
ments at the Royal Aircraft Factory on B.E.2.C. aeroplanes 
fitted with (a) a variable pitch propeller, (>) a propeller designed for 
climbing by allowing the engine to reach its maximum revolu- 
tions at climbing speed, and (c) a standard propeller (T. 7448). 
Figs. (2) and (3) exhibit the results of the experiments, assuming 
that the engine is allowed to run at 1800 and 1900 r.p.m. respec- 
tively. These are deduced from short climbs at various speeds, 
with various settings of the blades in the case of the variable 
pitch propeller. It was found for the variable pitch propeller 
that if the revolutions were left constant at 1,800 per minute, 
the thrust horse-power did not change appreciably from. 50 ‘to 
100 m.p.h. It was also observed that with the gear at the limit 
of.its adjustment on a steep dive the engine revolutions could be 
kept down to 1,650 r.p.m. at 115m.p.h. The range of adjustment. 
on the blades is 10°. 
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4. There can be little doubt about the aerodynamical advan- 
tage of the variable pitch propeller. ‘These experiments show the 
magnitude of this advantage over a climbing and a speed pro- 
peller also designed at the Royal Aircraft Factory. The chief 
objections to the propeller are mechanical, but this experiment 
has shown that a variable pitch propeller can be designed for a 
100 h.p. engine to run at 900 r.p.m. which shall be sufficiently 
strong and can be easily operated. ‘The propeller has four wood 
blades bolted into split metal sockets which can be rotated 

through 10° in a metal boss by turning a handwheel in the pilot’s 
~ cockpit. There has been no difficulty with the mechanical de- 
tails. The propeller has been spun up to 1,100 r.p.m., taking 
125 h.p. on the R.A.F. testing tower, has been also subjected to 
a duration test on the tower of one hour at 1,000 r.p.m. and 95 
h.p., has been in flight some months, and is therefore sufficiently 
strong. It is the opinion of the Royal Aircraft Factory that no 
great difficulty will be experienced in designing a variable pitch 
propeller for 200 h.p. at 2,000 r.p.m. The increased weight of 
this propeller over the standard type is about 40 lbs. This, of 
course, is automatically taken account of in the performance 
curves. 


5. Objection can be raised against the variable pitch propeller 
on the ground that it involves the use of a further control during 
a fight, and it is for fighting that the increased performance 
is most useful; but even if, as is probable, the pitch control 
would not be used during the actual encounter, it might prove 
very valuable for getting rapidly on to an enemy machine to 
attack it or to support another aeroplane either from above or 
below. The change of pitch would probably be more conveniently 
effected by a lever than by the low pitch screw and handwheel 
used in these experiments. 


THE CONSTRUCTION OF THE R.A.E. EXPERIMENTAL 
VARIABLE PITCH ATRSCREW. 


Presented by 


THE CONTROLLER OF THE TECHNICAL DEPARTMENT, AIRCRAFT 
PRODUCTION. 


Reports and Memoranda, No. 471. April, 1918. 


SUMMARY.—(a) Introductory (Reasons for Enquiry).—This_ report, 
which is a description of the mechanism employed in the experiments 
already recorded in R. and M. 402, was written in response to a request 
from the Aerodynamics Sub-Committee. 

(b) Details of Design.—The figures and drawing attached to the report 
indicate clearly the general design of both the airscrew itself and the hand 
control. Each blade, which was built up of walnut laminations in the 
usual manner, was held inside a split parallel steel shank by means of four 
bolts. These shanks were mounted radially in plain bearings with a ball 
thrust washer to take the centrifugal load, and were capable of rotation 
about their axes by the mechanism described. The weight of the airscrew 
complete with control gear was 85 lbs., being 50 lbs. heavier than the 
standard walnut tractor. 

(c) Conclusions.—The tests show that such an airscrew can be con- 
structed having ample strength. The most important deduction from 
these tests is probably the satisfactory method of attaching the metal 
shanks to the wooden blades. A considerable amount of backlash in the 
gear was experienced during the trials, but has since been almost eliminated. 


(d) Applications to future design.—As an outcome of these experiments 
it was decided to design and build a two-bladed airscrew on the same 
principle for the direct driven Hispano-Suiza engine in S.E.5a.° It is also 
suggested that this method of attaching wooden blades to metal shanks 
might well be employed on fixed pitch metal centre airscrews. 


This propeller was designed for a B,E. 2c with R.A.F. 1A 
engine. It was fitted to B.E. 2c, No. 4122, for the experiments 
described in report R. & M. 402. Before flight it was tested on 
the spinning tower on both fine and coarse pitches taking 130 h.p. 
at 1,100 r. p.m. for30 mins.,and was easily operated under overload. 
The same casting and internal fittings except for the shanks E 
have since been tested on the spinning tower up to 330 h.p. at 
1,050 r.p.m. for a period of 30 mins. The propeller is therefore 
amply strong. The weight without control gear is about 40 lbs. 
greater than that of the standard walnut propeller, T. 7448, 
which weighs 35 lbs. The control gear weighs about 10 Ibs. 
It was found easy to operate in the air, though a lever control 
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would perhaps be more convenient than the wheel fitted. There was 
a considerable.amount of backlash in the various joints,* making 
it impossible to measure the actual angles at which the blades 
were working either by the position of the handwheel or the end 
of the lever J. The engine revolutions could change about 
100 r.p.m. without the lever J being moved. This backlash could 
probably be eliminated by more careful workmanship and modi- 
fication of the design, but this is a point which requires careful 
consideration in the design of variable pitch propellers. It was 
proposed to measure the blade angles optically, but pressure of 
other work prevented the continuation of the experiments. The 
gear provides a total range of angular movement of the blades 
of 10°. 


Referring to the drawing (Fig. 1) it will be seen that the hub 
A which is held by nut C on the standard splined propeller 
shaft B, carries the four blades in plain bearings D. Each blade 
is bolted into a split.shank E, which turns in these bearings, the 
centrifugal force being taken by a ball thrust race F at the inner 
end of the plain bearings. To the inside end of each shank is 
screwed and bolted the arm G, which is attached by a link H 
to a striking plate K, which slides on the hub and carries four 
arms, to which links H are attached. It is moved along the hub 
by lever J acting through the double thrust race L, thus rotating 
the blades through links H and arms G. Lever J is carried by 
bracket M, bolted to the front of the crankcase, and is operated 
by screw N through the tube O and hand wheel P. The tube O 
is carried by bearings R S T U V attached respectively to the 
crankcase and to the vertical struts of the body. It was found 
necessary to stay the bearing R back to the first vertical strut 
of the body as the walls of the crankcase were too thin to stand 
the strain imposed by the force necessary to operate the gear. 
The front plate W was removed fe the photographs to be taken 
(Figs. 2 and 3). | 


Z: Due 1 to lack of rigidity of the control. By fitting heavier controls. 
this has now been entirely eliminated. Nov., 1918. 
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SOME EXPERIMENTS ON HELICOPTERS. 


By A. Fac, A.R.C.Sc., and H. E. Coxxrns. 


Reports and Memoranda (New Series), No. 331. June, 1917. 


SuMMARY.—Stationary experiments were made with three types of 
four-bladed helicopters, and with a two-bladed and a three-bladed heli- 
copter. Experiments were also made with a four-bladed helicopter when 
ascending and when descending. 


The present series of experiments on helicopters was made at 
the request of the Munitions Inventions Department. Stationary 
experiments were made with three types of four-bladed helicopters, 
with a three-bladed and a two-bladed helicopter. Finally 
experiments were made with a four-bladed helicopter when 
ascending and when descending. 


Description of the Models.—Sketches of the three types of 
helicopter blade are given in Figs. 1-3, from which it is seen that 
the plan form of each. type has the same shape. The distinctive 
features of each type of blade are as follows :— 


(1) Blade of shape “A” of Fig. 1—M.I.D. No. 12—has a flat 
unilersurface, the chords of the blade sections being parallel to 
each other. 


(2) Blade of shape “B” of Fig. 2—M.I.D. No. 13—has a 
concave undersuriace over the greater portion of the blade. The 
chords of the blade sections were approximately parallel to each 
osher. 3 

(3) Blade of shape “C” of Fig. 3—M.I.D. No. 14. A partial 
washout of the undersurface camber, the chords of the blade 
ssctions being approximately parallel to each other. 


The model blades were made in wood and were supplied by 
the M.I.D. The blades of any one set differed slightly from 
each other, this being probably due to warping. 


A spider of four arms was employed to carry the blades of 
the four-bladed and the two-bladed helicopters, whilst a spider 
of three arms was similarly used in the case of the three-bladed 
helicopter. A sketch of the end of one of the arms of a spider 
i3 shewn in Fig. 4, the blade being clamped at any angle by a 
split conical bush. The overall diameter of the model helicopter 
when the blades were clamped in position was 2:5 feet, the 
proposed diameter of the full size helicopter being 40 feet. 


521 


Description of the Hxperiments—All the experiments were 
made on the Whirling Arm. The performances were measured 
of helicopters of four blades, three blades and of two blades, the 
blades having the shape “ A,” the angle of the blades varying 
progressively from 1°-5 to 16°. The angular setting of each blade 
was measured from the chords CC and DD both before and after 
the experiment. 


Ordinary stationary experiments were made on a four-bladed 
helicopter with blades of shape B, the angle of the blades varying 
from 2°-65 to 15°-5, and also experiments with the “ helicopter ” 
in translational motion, the value of ae varying from —0-2 to 
+0-3 with an angular setting of the blades of 9°-9 and from —0-15 
to +0:-3 when the blade angle was 7°-5. In all cases the angular 
measurements were made from the chords CC and DD. 


Stationary experiments were made on a four-bladed helicopter 
with blades of shape “ C,” the angle of the blade being measured 
from chords CC and DD, and varying progressively from 2°:5 
to 12°-5. 


The results of the experiments are given in terms of absolute 
coefficients, and the calculation of thrust and torque from these 
experiments may be performed as follows :— 

Diem thrusts: =P iodj4n* 

and the torque, Q = Q,e D'n?, 
where the thrust T, the torque Q, the overall diameter of the 
helicopter, D, the rotational speed n, and po the mass density of 
the air are all expressed in any system of consistent units, and 
“TT.” and “Q,” are. non-dimensional coefficients. p has the 
value 0-00237 at ground level. 


The absolute thrust and torque coefficients of the tables are 
to be taken for a standard atmosphere of temperature 15°-6 C. 
and barometer 760 mms. 


A ready comparison may be made between the performances 
of the four-bladed, three-bladed and two-bladed helicopters of 
blade shape “A,” if the values of T, and Q, are given per blade, 
In presenting the results of the experiments with helicopters of 
blade shapes ““B” and “C,” the values of T, and Q, have been 
calculated for the helicopter. In all cases the values of T, and Q, 
given in Tables 1-7 do not take into consideration the forces 
acting on the supporting apparatus. 


Discussion of the Results of the Experiments.—The results of 
the stationary experiments with helicopters of blade shape “ A” 
are given in Tables 1-3 and shewn graphically in Figs. 5-7. 


It will be noted that, at the same angle setting of the blades, 
the value of T, per blade decreases with an increase of the number 
of blades, or in other words, if the T, per blade and the speed of 


B3828z R 
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rotation have constant values, the angle of a blade must increase 
with the number of blades in order to correct for the additional 
‘velocity of the inflowing air. From Fig. 7 it is seen that the 


Thrust . Dn 
HuPa 
1,730 at an angle of 5°-5 and for a four-bladed helicopter 1,330 
at an angle of 7°-5. Generally speaking, the increase in the angle 
Thrust . Dn 
H.P. 
velocity of the air with the increase in the number of blades, 


Thrust . D 
whilst the drop of the maximum value of( an P : may be 


maximum value of ( ) for a two-bladed helicopter is 


of maximum value of ( ) is due to the additional inflow 


attributed to the fact that the angle between the direction of the 
relative wind and the plane of rotation is greater in the case of 
the four-bladed helicopter, that is, there is a bigger component 
of the lift force in the direction of rotation, although the blades 
are still probably inclined at an aerodynamically efficient angle 
with the direction of the relative wind. Moreover, there is also 
a greater direct “‘ biplane ” interference in the case of a helicopter 
with four blades which would also reduce the maximum value 


Ce : =e 
of | - Da 


H.P. 

Looking at the problem of the helicopter from the “ aerofoil ”’ 
standpoint, a given thrust may be most advantageously developed 
when for any blade section the angle between the direction of the 
relative wind and the plane of rotation is kept as small as possible, 
and it is of interest to note, in the case of the helicopter under 
consideration, that if there were no inflow velocity—an impossible 


Thrust 
Hahei ee 


be about 2,400. From both “momentum” and “ aerofoil ”’ 
considerations a given thrust may be most advantageously 
developed by a large diameter helicopter of low rotational speed. 
A helicopter is usually designed to give a certain thrust at a 
minimum horse-power, the diameter being as large as is consistent 
with constructional exigencies, the helicopter being driven from 


supposition—the maximum value of ( , Dn would probably 


: é ; Thrust 
the engine through a gearing. Denoting the ratio of — ; Dn) 
by “K” and using the expression T = T,on4D?, it is seen that 
, ii 3/2 
orse-power = yer Pose NPS 


It follows then that it is advantageous to use a diameter as large 
‘as possible and also to place the blades at the angle which makes 
K4/T, a maximum. Applying the above expression to the case 
of a four-bladed helicopter fitted with blades of type “A” and 
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assuming the overall diameter to be 40 feet and the thrust 1,600 lbs. 
—these figures were obtained from the M.I.D.—it is seen from 
Fig. 12 and Table 9 that the minimum horse-power needed to drive 
the blades is 86-5, the angle of the blades being 11°. The curves 
shewing the relationship between the value of “BEE Dn ) and 
the angle of the blades are somewhat misleading, if the helicopter 
problem be viewed from the point of view of sustaining a weight at 
a minimum expenditure of energy. 


In Table 4 and Fig. 8 are given the results of the stationary 
experiments on a four-bladed helicopter with blades of shape “ B,”’ 
from which it is seen that the maximum value of Ga Dn) is 
1,390 at an angle of the blade of 6°. Experiments were also made 
on this helicopter when ascending and descending, the angles of 
the blades being 7°:5 and 9°-9. The data of these experiments 
are given in Tables 5 and 6, and in Figs. 9and 10. It is of interest 
to note that the maximum values of T, and Q, occur at a value of. 
V /nD of about —0-1, so that at particular values of the trans- 
lational speed manceuvring during a descent—or when the 
helicopter is acted upon by an up-gust—may be somewhat difficult. 
The subject can only be fully investigated when the actual working 
conditions of the helicopter are known, but for the purpose of 
illustration calculations have been made for the case of a helicopter 
of diameter 40 feet which is sustaining a weight of 1,600 lbs., 
the angle of the blades being 9°-9. The results of the calculations 
are given in Table 10 from which it is seen that the blades will 
support a weight of 1,600 lbs., at a rotational speed of 97-0 R.P.M., 
the torque necessary to drive the blades being 4,740 lbs. /ft- 
Assuming that for some reason the torque acting on the blades is 
reduced to 4,510 lbs. /ft., then the helicopter will be descending 
with a translational speed of 9-50 ft. /sec., and if the machine 
whilst so descending is struck by an up-gust of, say, 3-4 ft. /sec.. 
the behaviour of the machine is different from what may be 
expected, the helicopter falling instead of rising, since the torque 
on the blades remains constant at 4,510 lbs. /ft. whilst the torque- 
necessary to sustain a weight of 1,600 lbs. when descending at 
12-90 ft. /sec. is 4,540 lbs. /ft. This is perhaps more clearly shewn 
by the figures of Table 11, where it is seen that if an up-gust strikes. 
the machine when descending with a uniform velocity of 9-50 
ft. /sec., the thrust of the helicopter is less than the weight of the 
machine, so that the machine falls with increasing translational 
velocity. 


In Table 7 and Fig. 11 are given the results of stationary 
experiments on a four-bladed helicopter with blades of shape “ C,”’ 


the maximum value of the ratio ae Dn) being 1,460 at an 
angle of the blades of 6°:5. ; 
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TABLE 1. 


STATIONARY EXPERIMENTS ON A FOUR-BLADED 
HELICOPTER WITH BLADES OF SHAPE “A.” 


T, = absolute thrust coefficient. 
Q. = absolute torque coefficient. 


D = overall diameter of helicopter in feet. 


n =rotational speed in revolutions per second. 
Angle of Blad Thrust in lbs. 
Mees. S) T. per blade. Q. per blade. ( Hone ene a Dn) 

1-55 0-00225 0-000405 488 

4-10 0-00735 0-000575 1,120 

6-0 0-01145 0-000772 1,300 
D9 0-02160 0-001498 1,260 
12-75 0-03275 0-002740 1,050 
16-0 0-04350 0-004310 884 

TABLE 2. 


STATIONARY EXPERIMENTS ON A THREE-BLADED 
HELICOPTER WITH BLADES OF SHAPE “A.” 


T. = absolute thrust coefficient. 

Q. = absolute torque coefficient. 

D = overall diameter of helicopter in feet. 

nm == rotational speed in revolutions per second. 


Angle of Blade 


Thrust in lbs. D 
(degrees). n) 


Horse-power. * 


Q. per blade. ( 


_ 


3°4 0-00815 0-000527 1,348 
8-0 0-0216 0-001260 1,500 
12-25 0-0360 0-002630 1,200 


T. per blade. 
| 


TABLE 3. 


STATIONARY EXPERIMENTS ON A TWO-BLADED 
HELICOPTER WITH BLADES OF SHAPE “A.” 


T, = absolute thrust coefficient. 
Q. = absolute torque coefficient. 
D = overall diameter of helicopter in feet. 


n = rotational speed in revolutions per second. 
Angle of Blad Thrust in lbs. 
fopeers e T. per blade. Q. per blade. ( Hore powere Dn) 
2°6 0-00710 0-000445 1,395 
10 0:02320 0-001220 1,660 
12°55 0-04165 0-002955 1,230 
TABLE 4. 


STATIONARY EXPERIMENTS ON A FOUR-BLADED 
HELICOPTER WITH BLADES OF SHAPE “B.” 


T, = absolute thrust coefficient. 

Q, = absolute torque coefficient. 

D = overall diameter of helicopter in feet. 

n = rotational speed in revolutions per second. 


Angle of Blades 


(decreas T, for helicopter. Q,. for helicopter. | “Horse-power. ° Dn) 
3°3 | 0-0283 | 0-00214 | 1,155 
5°4 0-0465 | 0-00302 1,390 
7°53 | 0-0740 0-00471 1,335 
2-9) | 0-1015 0-00743 1,190 
13°5 0-1485 0-01320 985 
15-5 0-1735 | 0-01670 905 


TABLE 5. 


EXPERIMENTS ON A FOUR-BLADED HELICOPTER 
WITH BLADES OF SHAPE “B,’ WHEN CLIMBING 
AND WHEN DESCENDING. 


V = velocity of climb or descent in feet per second. 

T, = absolute thrust coefficient. 

Q, = absolute torque coefficient. 

D = overall diameter of helicopter in feet. 

n = rotational speed in revolutions per second. 
Angle of Blades = 7°-5. 


eae T, for helicopter. | Q, for helicopter. ee Dn) 
( —0-134 0-0738 0-00466 1,380 
Des. | —0°104 0-0750 0-00466 ee 
ete OB? 0-0750 0-00457 1.435 
_0-062 0-0747 0-00470 1.385 
| —0-041 00753. |  0-00470 1.400 
0 6-0719 0-00471 1335 
4+.0-084 0-0632 0-00425 1.300 
| 0-113 0:0593 | 0-00415 1.250 
Climb4 9.966 0:0317 0-00315 880 
L 0-303 00200 000280 625 
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TABLE 6. 


EXPERIMENTS ON A FOUR-BLADED HELICOPTER 
WITH BLADES OF SHAPE “B” WHEN CLIMBING 
AND WHEN DESCENDING. 


T. = absolute thrust coefficient. 


Q. = absolute torque coefficient. 


D = overall diameter of helicopter in feet. 


n = rotational speed in revolutions per second. 
Angle of Blades = 9°:9. 


| 


STATIONARY EXPERIMENTS 


HELICOPTER WITH BLADES OF SHAPE “C.” 
T, = absolute thrust coefficient. 
Q; = absolute torque coefficient. 
D = overall diameter of helicopter in feet. 
n = rotational speed in revolutions per second. 


ae T, for helicopter. Q. for helicopter. (Homecewer Dn) 
. —Q-204 0-101 0:00720 Poo 
| —0°182 0-104 0:00726 1,250 
ie —0-159 0-105 0:00757 P2b5 
cent | —0-130 0-107 0:00736 | 15270 
| —0-:087 0:1075 0:00765 | 1,230 
| —0-06] 0-108 0:00759 | 1,240 
0 0-1015 0:00743 1,190 
f+ + 0-082 0:0930 0-00684 1,190 
| + +0-°135 0:0848 6-00650 1,140 
Climb< 0-269 0:0563 0-00525 940 
| 0-289 0:0538 0:00493 955 
L 0:30] 6-0485 | 0:00479 885 

ABLE 7 


ON A FOUR-BLADED 


Angle of Blades 


| T, for helicopter. 


Q, for helicopter. 


(Home in lbs. 


(degrees). Horse-power. 
2-65 0-0267 0-00211 1,105 
3-50 0-0332 0-00240 1,210 
5-15 0-0480 ()-00308 | 1,360 
6-50 0-0639 0-00382 | 1,465 
7°65 | 0-0771 0-00485 | 1,390 
9-65 | 0-0973 0-0C648 | 1,310 

12-6 | 0-1300 0-01005 | 1,130 
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TABLE 8. 


Torque of spider with four arms = 0:000279n2D5, 


Torque of spider with three arms = 0-00021len2D5 
where D = overall diameter of helicopter. 


TABLE 9. 


FOUR-BLADED HELICOPTER FITTED WITH BLADES 
OTS EYiP Hie: ae 


Thrust of helicopter SL O00 Ibe: 
Overall diameter of helicopter = 40 ft. 
Density of air (ground level) = 0:00237. 


- Tr 
Bade! Value of K. Value of Te | Value of n ana aa 
(degrees). Pega. | re | of 1,600 Ibs. 
oe | | 
2 640 | 0-031 4-61 Pcie 
3 882 0-0049 3-67 266-0 
4 1,095 | 0-0070 3-07 180-0 
5 1,225 | 0-0091 2:70 141-0 
6 1,300 | 00115 2-40 | 118-0 
7 1,330 | 0-0140 2-165 104-4 
8 1325 0-0166 1-99 96-2 
9 1300 | 00195 1-84 90-6 
10 1,250 | 0:0226 1-71 | 87°5 
il | 2 186 od 020259 1-595 86-5 
ibe | 1,105 | 0-0293 1-50 86-9 
Te pte n Pm IgE) oe re ane 1-41 87-0 
14 | 980 | —-0-0366 1:34 87-6 
15 | 925 | 0-0404 1-275 88-4 
16 | 880 — 0-0441 1-225 89-0 
| 


Pe 0 ee ee ee 
The horse-power absorbed in driving the supporting apparatus of the blades is 
not included in the values given in the last column, 
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TABLE 10. 


RELATION BETWEEN TORQUE OF HELICOPTER 
BLADES AND THE VELOCITY OF DESCENT, 
THE THRUST OF THE HELICOPTER BEING 
CONSTANT. 


Blades of shape “ B.”’ 
Angle of blades 9°:9. 
Weight of machine 1,600 lbs. 


Velocity of Rotational speed Torque required to Thrust of 
descent. of helicopter. drive the blades. helicopter. 
Ft. /sec Revs. /sec. Lbs. /ft. Lbs. 

0 1-62 4,740 | 1,600 
3°15 1-58 4,630 | 1,600 
6°25 1-56 4,515 1,600 
9-50 1-58 4,510 | 1,600 

12:90 1-61 4,540 | 1,600 
TABLE 11. 


RELATION BETWEEN THRUST OF HELICOPTER 
BLADES AND THE VELOCITY OF DESCENT, 
THE TORQUE OF THE HELICOPTER BEING 
CONSTANT. 


Blades of shape “ B.” 
Angle of blades 9°-9. 
Weight of machine 1,600 lbs. 


Velocity of | Rotational speed | Torque required to | Thrust of 
descent. | of helicopter. | drive the blades. helicopter. 
Ft. /sec. | Revs. /sec. | Lbs. /ft. ag 

6-25 1-56 | 4,510 1,600 
9°50 1:58 | 4,510 | 1,600 
12-85 1-60 


5 | 4,510 | 1,570 
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THE “SCALE-SPEED ” EFFECT. ON A MODEL 
AIRSCREW OF SMALL DIAMETER. 


By A. Face, A.R.C.Se., and H. E. Cotrins. 


Reports and Memoranda, No. 390. January, 1918. 


SUMMARY.—(a@) Introductory (Reason for inquiry).—A “‘ scale-speed ’’* 
effect of appreciable magnitude was obtained during the experiments with 
a small aluminium model of a B.E. 2E airscrew of scale 4th. (See Report 
R. & M. 393.) The effect was observed from experiments on both the 
Whirling Table and the Airscrew Balance. It was thought that a complete 
experimental investigation of this ‘‘ scale-speed ”’ effect would be of some 
interest. 


(b) Range of Investigation.—The model airscrew was tested on the 
airscrew balance at.translational speeds of 25, 35 and 45 ft. /sec., over a 
large range of the rotational speed, the upper limit of the speed being fixed 
by the capacity of the electric motor driving the airscrew. It was not 
possible to eliminate the “ scale-speed ”’ effect at the highest speeds of the 
experiment. 


(c) Conclusions.—The magnitude of the “‘ scale-speed ” effect diminishes 
with a decrease of the value of the ratio of forward speed to the product 
of the diameter of the airscrew and the rotational speed (V/nD). At the 
same value of (V /nD) the absolute values of the thrust, torque and efficienicy 
increase with the speed and the diameter of the airscrew. The magnitude 
of the ‘‘ scale-speed ”’ effect is largest for large values of (V /nD), such large 
values corresponding to a small angle of incidence, and thus the result is 
in accordance with the data already obtained for aerofoils. (See R. & M. 
148.) Small “scale-speed’’ effects have been noticed with two other 
models of a 3th scale. A large number of model airscrews of ith scale 
have been tested at the Laboratory, but in no case has a “‘ scale-speed ”’ 
effect been observed. 

The report is of importance as indicating a probable disadvantage of 
the employment of model airscrews of low diameter. 


The present investigation of the scale-speed effect of a small 
model-airscrew of type B.E. 2E—R.A.F. Drawing No. T'.7850— 
was the direct outcome of the experiments described in Report 
R. & M.393, which were made to determine the mutual interference 
between models of the body and airscrew of the B.E. 2K aeroplane. 
From the preliminary experiments made with the airscrew balance, 


—— 


* By “‘scale-speed ”’ effect is implied a change in the non-dimensional 
constants of an airscrew as the size of the model and the wind speed are 
increased. 
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and also on the Whirling Table, with a.wooden model of the 
airscrew of scale ith, it was found that for any value of (V/nD) 
the values of the absolute coefficients of thrust and torque 
increased with the translational speed, and, therefore, with the 
load on the airscrew. It was thought that these discrepancies, 
which were much greater than could be attributed to experi- 
mental error, were largely due to the warping of the wooden 
model. Accordingly, to eliminate warping the experiments were 
repeated with an aluminium model. These later experiments 
confirmed those previously made with the wooden model, and so 
definitely established a “scale-speed”’ effect for this model 
airscrew. The report is useful as indicating a probable dis- 
advantage of the employment of model airscrews of low diameter, 


airscrew for B.E. 2K (R.A.F. Drawing No. T.7850) is given in 
Fig. 1. The diameter of the full-size airscrew was 9’ 1”, the 
angles of the blade varying from 20° 35’ at the tip to 68° 54’ at 
the boss. The airscrew is rather full in plan form at the tip. 
As previously stated the model airscrew was made in aluminium 
at the R.A.F., the scale of the model being th. 


The airscrew was tested on the airscrew balance at trans- 
lational speeds of 25, 35 and 45 ft. /sec., the range of the rotational 
speed for each translational speed being limited by the capacity 
of the electric motor driving the airscrew. The airscrew was 
arranged on the balance in the manner described in Report 
R. & M. 344, in which the airscrew was some distance behind the 
vertical shaft of the balance. 


Some further corroborative evidence of the existence of the 
“ scale-speed ”’ effect was obtained from experiments with the 
airscrew mounted in front of the vertical shaft of the balance, 
and also from the Whirling Table. The data of these latter experi- 
ments have not been included in the report. 


Following the standard method, the results of the experiments 
are represented in terms of absolute coefficients and the calculation 
of the thrust and the torque from these coefficients may be 
performed as follows :— 

Tiestorucy, bea- 1 on D* 

and torque, Q = Q’,on?D', 
where the thrust T, torque Q, diameter of the airscrew D, the 
rotational speed n, and o the mass density are all expressed in 
any system of consistent units, and T’, and Q’, are non-dimensional 
coefficients. 

The absolute thrust and torque coefficients of the tables are 


to be taken for a standard atmosphere of temperature 15-6° C. 
and barometer 760 mms. 


Discussion of the Results of the Hxperiments.—The results of 
the experiments are given in Tables 1-3 and shown graphically 
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in Figs. 2-4. Generally speaking the “scale-speed”’ effect on 
this airscrew is very similar to that of an aerofoil. Thus, at a 
value of (V/nD) of 1-20, the angle of incidence of the sections at. 
the tip will be about — 1°, the experimental range of “vl” for a 
section 8” from the axis of the airscrew being from about 6-5 to 
12-0, where the values of ‘‘ vl’ are measured in foot-second units. 
and ‘“‘v”’ is the speed of the section relative to the air, and “1” 
the chord length. At such small values of “ vl” and at this angle 
of incidence, the “scale-speed’’ effect of an aerofoil is quite 
appreciable so that a corresponding effect on the airscrew is only 
to be expected. At values of (V /nD) of 1-05 and 0-90 the angles 
of incidence of the tip sections are about 1° and 3° respectively, 
the corresponding experimental ranges of “vl” for the section 
under consideration being from 7:5 to 14-0 in the former case, 
and from 8-5 to 15-0 in the latter. It is seen from the thrust. 
curves that the value of the experimental mean pitch increases. 
with the speed of translation. 


The “ scale-speed ” effect diminishes with a decrease of the 
value of (V /nD), that is, with an increase of the angle of incidence 
of the blade sections. The value of the maximum efficiency 
increases with the speed of translation. The value of (V/nD) at 
which maximum efficiency occurs also increases with the speed. 
of translation. 


¢ 


It was not possible to eliminate the “scale-speed ”’ effect of 
the airscrew even at the highest speeds of the experiment. It was 
thought that the shapes of the thrust and efficiency curves without 
any “‘vl”’ effect would probably be as shown by the dotted curves 
of the figures. Comparing similar model airscrews at the same 
translational speed the value of “vl” of a section of the blade 
is directly proportional to the diameter and inversely proportional 
to the values of (V/nD), at which the airscrew is working. The 
airscrew under consideration has both a small diameter and works 
at high values of (V/nD), both these factors being favourable for 
the appearance of a “vl” effect. The other {th scale airscrews 
which have been tested at the Laboratory are the R.E. 7 airscrew, 
where only a small “scale-speed ”’ effect was noticed, probably 
because of the low pitch, and the F.E. 8 airscrew from which a 
“ol” effect was suspected, but was not definitely established. 
A large number of model airscrews of 4th scale has been tested at 
the Laboratory, but in no case has a “ scale-speed ” effect been 
observed. In conclusion, it should be noted that the method of 
experiment using both the airscrew balance and the Whirling 
Table, where the performance of the airscrew at the higher values 
of (V /nD) is measured at the higher translational speeds, tends to 
eliminate the “scale-speed”’ effect at the smaller angles of. 
incidence, where it would be greatest. . 
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FOUR-BLADED AIRSCREW FOR B.E. 


Forward] Value 


Speed in of 
ft. /sec. | (V /nD). 
45-0 1-280 
oe 1-260 
9% 1-235 
s 1-200 
= 1-140 
- 1-085 
“f 1-020 
yy 1-000 
e 0-938 
Pr 0-915 
45-0 0-888 
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TABLE 1. 


(R.A.F. Drawing No. T.7850.) 


Diameter of the model airscrew = 1-515 ft. 
(Scale éth full size.) 


V in feet per second. 
m in revolutions per second. 
D diameter in feet. 


Value of | Forward 
Thrust | Speed in 
Coeff. T’c. } ft. /sec. 
0:0030 35-0 
0-0101 ‘3 
0-0166 np 
0-0289 ° 
0-0493 vs 
0-0660 < 
0:0870 ae 
0:0930 re 
0:1130 4) 
0-1235 4 
0-1335 a 
35:0 
b 


_the thrust T= T'.en*Dt 


Value of | Forward 


Thrust | Speed in 
. | Coeff. T’c. | ft. /sec. 
0-0029 25-0 
0:0422 Y 
0-0678 + 
0-0881 i. 
0-1058 be 
0-1219 t 
0-1220 AP 
0-1455 e 
0-1455 rf 
0-1540 7 
0-1590 os 
0-1635 s 
25-0 


2E. 


SOR ede Se 
S 


2eeeorh 
Onmocd > bo 


CLOT DD OD MH GS ~1 +1 C 
Q2 OO w= 
oad O81 


D2 WD b= GO Cr OO 
moqawo-il 


Value of 
Thrust 


| (V /nD). Coeff. P%. 


0:0028 
0-0233 
0-0410 
0:0554 
0-0672 
0:0855 
0-1158 
0-1290 
O2P 27.0 
0-1470 
0-1595 
0-1689 
0-1759 
0-1770 
0-1809 
0-1830 
0-1910 
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Forward | Value 
Speed in of 

- ft. /sec. | (V /nD) 

45-0 1-245 

i 1-238 

ap 1-214 

4 1-190 

na 1-175 

ae 1-155 

+ 1-144 

Pe 1-126 

rf 1-112 

e 1-065 

os 1-010 

. 0-985 

99 0:947 

H 0-916 

a 0-900 

45-0 0-890 
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(R.A.F. Drawing No. T.78&0.) 
Diameter of the model airscrew = 1-515 ft. 
(Scale 4th full size.) 

V in feet per second. 
nm in revolutions per second. 


D diameter in feet. 


alto Forward | Value 
of Q’: Speed in | of 

* | ft. /sec. | (V /nD) 
0:0089 35-0 1-230 
0:0088 Ae 1-221 
0-0111 oe 1-065 
0-0112 e 1-030 
0:0129 “p 0-985 
0:0130 “gi 0-953 
0-0145 oe 0:926 
0-0149 - 0:925 
0:0163 s 0-963 
0-0172 os 0:896 
0:0206 | 0-786 
0-0213 ae 0-748 
0:0229 Fis 0°713 
0:0244 35:0 0-682 
0-0251 
0:0257 


0:0093 } 


Value 


OmOre 


| Speed in 
f it. /sec. 


F 25-0 
0-0092 | 
0-0171 | 
0-0190 } 
0-0204 | 
0-0219 
0-0233 
0-0230 
0-0244 
0-0240 | 
0-0277 
0-0283 
0-0288 
0-0299 


ere Apia 


[Webwani | 


2H 


Value 
of QO%. 


0-:0050 


0-:0086 
0-0118 
0:0117 
0-0143 
0:0142 
0-0181 
0:0179 
0-0210 
0-0233 
0-:0228 
0:0253 
0-0281 
0-0290 
0-0297 
0-0301 
0-:0301 
0:0305 
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TABLE 3. 


(R.A.F. Drawing No. T.7850.) 


2H. 


Diameter of the model airscrew = 1-515 ft. 
(Scale 2th full size.) 


V in feet per second. 


m in revolutions per second. 


D diameter in feet. 


Value of V /nD. 
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Forward Speed 
== 25 ft. /sec. 
Value of 
efficiency. 
Percentage. 


Forward Speed 


= 35 it. /sec. 
Value of 
efficiency. 

Percentage. 


| 
Forward Speed 


= 45 ft. /sec. 
Value of 
efficiency. 

Percentage. 


Efficiency cal- 
culated from 
faired thrust and 
torque curves, 
Percentage. 
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REPORT OF THE SCALE EFFECT SUB-COMMITTEE ON 
THE RELATION BETWEEN MODEL TESTS AND 
THE FULL SCALE PERFORMANCE OF AEROPLANES. 


Reports and Memoranda (New Series), No. 374. December, 1917, 


1, In March, 1917, a: Sub-Committee of the Advisory Com- 
mittee was formed to consider generally the comparison between 
the results of experiments on models of aeroplanes, aeroplane 
wings, etc., as affecting the estimation of aeroplane performance, 
and the results obtained in full scale observations and records of 
performance. 


In the prediction of the performance of aeroplanes it was a 
common practice to assume that the total resistance of any 
machine was the sum of the resistances of its various parts ; 
these separate resistances were calculated from experiments on 
reduced or full scale models of these parts, and scale and inter- 
ference corrections applied so far as known. It was brought 
to the attention of the Committee that the application of this 
method led in some cases to differences between the actual and 
the predicted performance which could not be accounted for by 
experimental errors. 


2, As a result of the preliminary examination of the records 
and information then available, it was decided to carry out 
further investigations which it was hoped might improve the 
accuracy of the comparison. While taking into consideration 
all the data having a direct bearing on the question, it was 
thought advisable to obtain the fullest possible information with 
regard to one definite aeroplane. The machine chosen was a 
B.E. 2c, with wings of R.A.F. 14 section. 


3. Full scale tests were carried out at the Royal Aircraft 
Factory under the direction of Captain Farren, and comprised 
three series of experiments :— 


(i) The determination of the total drag during flight from 
the horse-power, speed, and propeller efficiency (see 
Appendix I). 

(ii) The measurement of the pressure distribution over 
sections of the upper and lower wings during flight 
at various attitudes (see Appendix II, which includes 
also similar measurements on a section of the lower 
wing of a B.E. 2c with old B.E. 2c wing section). 


(iii) The direct measurement of the propeller thrust during 


flight, by a specially designed thrustmeter. (hese 
experiments are still in progress.) 
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4, The corresponding model experiments were made at the 
National Physical Laboratory on a complete one-tenth scale 
model. The work was under the direction, first, of Mr. Bairstow, 
and later of Dr. Stanton. 


The experiments comprised :— 


(i) A full determination of the forces and moments on 
the complete model, and an analysis of the resistances 
of its separate parts (see Appendix III). 


(ii) The measurement of the pressure distribution over 
sections of the upper and lower wings (see Appendix 
IV, which includes also similar measurements on a 
section of the lower wing of a B.E. 2c with old B.E. 20 
wing section). 
5, A comparison between the model and full scale results is 
given in Figs. | to 8. 


The results of the pressure plotting on R.A.F. 14 wings agree 
closely except with regard to the under surface of the upper 
wings, the pressures on this surface being consistently lower in 
the case of the full scale experiments (see Fig. 1). There is also 
a tendency to a higher suction on the upper surface of the upper 
wing of the model near the nose. It was thought possible that 
the effect might be due to propeller draught, or to the interference 
of the body; direct experiments, however, showed that neither 
of these factors was responsible for the difference (see Figs. 2 
and 3). The results on the old B.E. 2c section show more 
variation (see Fig. 4). 

Integration of the pressure curves gives the lift and, neglecting 
viscosity, the drag on the wing surfaces. The lift may be deter- 
mined in this way with considerable accuracy. For drag 
determinations the method is not strictly applicable, since the 
friction of the wings, which is appreciable at small angles of 
incidence, is neglected, and further at these angles a slight 
variation of the angle will produce large differences in the com- 
ponents of the forces acting in the direction of the relative wind. 
‘The results of the integration are shown in Fig. 5 for R.A.F, 14 
and in Fig. 6 for old B.E. 2c section. 


6. Figs. 7 and 8 give a comparison between the direct measure- 
ment of lift and drag on a model aeroplane, and their determination 
on the full scale by the method indicated in Section 3 (i). 


The curves of lift agree closely except at the stalling angle, 
where the full scale experiments indicate a higher maximum of 
lift. : 

On the drag diagram every full scale experiment is marked 
by a separate point, and the model experiments are represented 
by three curves. The dotted curves show an attempt to estimate 
the drag from some earlier model’ experiments made on wings of 
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R.A.F. 14 section. These wings were rectangular in plan shape, 
and were tested as monoplanes. Corrections (deduced from model 
tests on R.A.F’. 6 section) have been introduced for biplane effect, 
stagger, and for the difference in plan shape. The investigation 
has shown that it is not possible to deduce with accuracy the 
properties of a section used as a biplane from determinations 
on the same section tested as a monoplane; these curves are 
therefore only included to indicate the order of the error which 
is likely to arise from this cause. The full curve gives the results 
deduced from the complete model, one-tenth scale. 


7. The most marked difference between the full scale 
experiments represented in Fig. 8 and the model results is not 
in the absolute value of the drag coefficient, but in the rate of 
change of its value at low lift coefficients. A difference of the 
same order has been found between the full scale results for low 
lift coefficients shown in Fig. 8 and those obtained from the 
thrustmeter experiments. No explanation has been found 
which will account satisfactorily for these differences. 


8. Careful consideration of all the available information 
leads to the following conclusions :— 


(i) For the purpose of biplane design model aerofoils 
must be tested as biplanes, and for monoplane design 
as monoplanes. The more closely the model wing 
tested represents that used on the full scale machine, 
the more reliable will the results be. So long as the 
differences mentioned in paragraph 7 remain un- 
explained, no high accuracy can be obtained in the 
prediction or verification of performance at low lift 
coefficients. 


(ii) Due allowance must be made for scale effect on parts 
where it is known. In the case of struts, wires, etc., 
the scale effect is known to be large, but these parts 
can be tested under conditions corresponding with 
those which obtain on the full scale machine. 


(iii) The resistances of the various parts taken separately 
may be added together to give the resistance of the 
complete aeroplane with good accuracy, provided 
the parts (e.g., the undercarriage) which consist of a 
number of separate small pieces are tested as a 
complete unit. 


(iv) Model tests form an important and valuable guide in 
aeroplane design. When employed for the determina- 
tion of absolute values of resistance, they must be 
used with discrimination and a full realisation of the 
modifications which may arise owing to interference 
and scale effect. 


B3828B NS) 
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9. In forecasting the performance of a machine of a known 
type methods can be employed other than the addition of the 
resistance of all elementary component parts; every designer 
has at his disposal the full scale test results of a certain number 
of types of aeroplanes, and where a new design conforms to any 
one of these types the most satisfactory point of departure for 
improvement in design is probably given by these test results. 
For suggestion as to how improvements can be made the designer 
is still dependent on model tests. 


It is of great importance that such information should be 
increased, and its use extended by further systematic full scale 
research. 
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APPENDIX I. 


Description of the method of obtaining the Lift and Drag of full 
scale aeroplane. 


(Results given by points on Figs. 7 and 8 above.) 


I.—Lirt COEFFICIENT AND ANGLE OF INCIDENCE. 


1. The lift coefficient of the wings is derived from the relation 
 W—w 

eo AV 

where 


k 


W = total weight of machine. 

w = lift of subsidiary parts (tail, body, etc.). 
o = air density. 

A = effective wing area. 

V = speed in ft. /sec. 


2. The angle of incidence of the wings is found by a fore and 
aft inclinometer attached to the aeroplane, the inclination of 
the flight path being found from observations of the rate of 
climb c. The instrument could be read to one-tenth degree. 


3. The various quantities are measured as follows :— 


W—by weighing, allowance being made for consumption 
of fuel during previous part of flight. 


w—estimated from model experiments. 
o—from observations of air pressure and temperature. 


A—allowance is made for the extra velocity of the air 
in the slip stream over the parts of the wings 
affected by it, as explained below. 


V—trom readings of air speed indicator, corrected for 
instrumental error and also for error of pressure 
head due to interference of the aeroplane on it by 
doing runs at various speeds over a measured 
speed course. 


c—(in feet per sec.) from readings of aneroid at intervals 
in the flight, corrected for temperature. 


4. The correction for the slip stream is applied as follows :— 


The force (lift or drag) on any part of the aeroplane in the 
slip stream except the body is taken to be increased in the ratio 
(1 + v/V)* where v is the relative slip stream speed. v is calcu- 
lated by equating the momentum given to the stream per second 
to the total thrust, and the stream is taken to have an external 
diameter 0-8 and internal diameter 0-2 of the diameter of the 
airscrew. (These figures are obtained from full scale experiments.) 
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The force on the body is taken to be increased in the ratio 3/4 
(1+ v/V)% The factor 3/4 is deduced from a model experiment, 
and is considered to represent the shielding of the body by 
the airscrew boss. 


- The wing area is therefore usually expressed as follows :— 


A =A,+(1+0/V)?A, 


where 
A = effective wing area, 
A, = area not in slip stream, 
A, = area in slip stream, 
and 


A, + A, = total wing area as ordinarily measured. 


5. Each point shown in Fig. 7 above was obtained as the 
result of about ten minutes’ steady flight. 


6. The maximum lift coefficient was obtained by flying at 
the lowest possible steady speed. The determination of this 1s 
very difficult, and the accuracy of the result is not so good as 
that of the other points. The experiment was, however, repeated 
many times. 


Il.—Draca CoEFFICIENT, 


7. The drag coefficient is derived from the relation 


Lid Ata 


where ‘I’ = propeller thrust (Ibs.). 
This quality is determined from the relation 
B 7 550 
ll Vv 


where 
Be engine. b hip. 
7, = airscrew efficiency. 


8. B was found from the observed engine revolutions, and a 
correction applied to the standard engine test result for the 
density of the air, the power at any given revolutions being taken 
to vary as p'! in accordance with experiments on the same 
type of engine. 


7 was found from tests on the full size airscrew on the R.A.F. 
whirling arm, and the observed value of V/N. : 


9. It was found that the direct use of the airscrew thrust 
at the observed V/N as derived from whirling arm experiments 
gave points which, although consistent for different speeds in 
any one flight, were inconsistent from day to day, the incon- 
sistencies being too large to be explained as due to up and down. 
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currents. Measurements of airscrews showed that these warped 
from day to day sufficiently to explain the inconsistency. It 
can be shown, however, that, although a given warp may change 
the thrust at a given V/N by a large amount, the efficiency 
will be hardly altered, and hence the method described was used. 


10. The curve of engine b.h.p. revolutions used was found 
by averaging the tests of a number of engines of the same type 
(R.A.F. 14), as it was not at the time convenient to test the 
actual engines used. 


Since that date, however, a number of engines used in the 
experimental aeroplanes have been tested, and have been found 
to give power curves which are very nearly parallel to the mean 
curve and vary above or below it up to about 3 b.h.p. 


11. The spread of the points on Fig. 8 above is therefore 
due to :— 


(i) up and down currents ; 


(ii) variation in power of engine from standard (about 
+ 2 per cent. on the average) ; 


(iii) slight effect of warp of airscrew on efficiency. 


12. It may be remarked that it is assumed that the presence 
of the end of the whirling arm behind the airscrew produces 
the same effect on the efficiency, etc., as the presence of the 
body of the aeroplane. The resistance of the end of the arm, 


as now faired in, is nearly the same as the resistance of a B.E. 2c 
body. 


APPENDIX II. 


Measurement of the Pressure Distribution round sections of the 
top and bottom wings of an aeroplane in flight. 


(2) R.A.F. 14 section (both wings). 
(6) Old B.E. 2c section (bottom wing only). 


SuMMARY.—Simultaneous measurements of the pressures at various 
points round sections of the top and bottom wings of a B.E. 2c were made 
by means of an apparatus which registered photographically the heights 
of liquid in a number of manometer tubes. Observations were made at 
speeds ranging from 42 to 95 m.p.h. 


The pressures were integrated, and the normal and longitudinal 
forces and the moments, which act on the wing at the experimental 
sections, were found. : 


Inclinometer measurements of the angle of incidence corresponding 
to a given lift coefficient were then used to deduce the lift and drag 
coefficient of the sections. 


The principal experiment was carried out with R.A.F. 14 section wings, 
but the experiment has also been done with old B.E. 2c section on the 
lower wing only. These two sections are shown in Fig. 23. 


(2) EXPERIMENTS WITH R.A.F. 14 WINGs. 


1. The experiments were carried out on a B.E. 2c with 
R.A.F. 14 section wings. Pressures were measured over ribs 
in the right lower plane and the left upper plane, the rib being 
situated in each case 7 ft. 8 in. (that is, 0-414 of the semi-span 
of the wings) from the centre line of the body. In each rib 
there were thirty-four holes (the positions of which are given 
in Table 1) connected by tubes to the pressure recording apparatus 
in the passenger’s seat. 


2. In order to avoid any effect due to the wing having a 
scalloped surface, the wing surface in the neighbourhood of the 
holes was made smooth, the span for about 14 ft. on either side 
of the holes being covered with sheet aluminium, and the fabric 
fixed to this sheet with marine glue. The holes were made 
by brazing the tubes to a brass rib so that they projected through 
this aluminium sheet, the ends being afterwards filed down flush 
with the outside surface. 


3. The pressures at the holes were measured simultaneously 
by means of an apparatus shown in Fig. 9, which consisted of 
twenty glass manometer tubes connected at their lower ends to 
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a reservoir which was full of alcohol. Their upper ends were 
connected by means of rubber tubes with the pipes which led 
through the interior of the wing to the pressure holes. When 
the aeroplane was at rest the alcohol stood about half-way up 
the tubes. 


4. When the aeroplane was in flight the height of the liquid 
in the tubes connected with the various holes registered the 
pressure at the holes. These heights were recorded photo- 
graphically. A small electric light, some ten inches from the 
tubes, was used to cast shadows of the columns of liquid on to 
some bromide paper, which could be wound between two light- 
tight boxes past the tubes. The bromide paper was pressed up 
against the tubes by means of a back (shown leaning up against 
the apparatus in Fig. 9), and the whole apparatus was shut in 
by a hinged, light-tight door (shown open in Fig. 9). To make 
an exposure the small electric light was switched on for half a 
second. 


5. Provided that the experiments were made in really calm 
air, and the air speed kept reasonably steady, the shadow of the 
meniscus at the top of the alcohol was very sharp, and it was 
possible to read the height of the liquid in the tube to j3,th 
of aninch. A specimen of the records is shown in Fig. 10. 


6. The whole apparatus was hung in the aeroplane by rubber 
suspensions, so that it might not be affected by the vibration 
of the aeroplane. 


7. In order to measure the height of the meniscus at the 
top of the fluid in each tube it was necessary to know what 
direction in the plane of the photograph was horizontal. For 
this purpose the two outside tubes in the apparatus were both 
connected with the static pressure side of the pitot tube. A 
straight line was drawn on each photograph touching the two 
outside meniscuses, and this was used as a base line from which 
the pressures in the other tubes were measured. This line is 
shown in Fig. 10. 


8. The apparatus contains twenty manometer tubes. Of 
these the two outside tubes connected throughout with the static 
side of the pitot head, and the central tube with the pressure 
side. The remaining seventeen tubes were connected with the 
pressure holes on the planes. In all, sixty-four photographs 
were taken, each photograph recording the pressures over the 
whole of the one of the four surfaces—seventeen holes. The 
photographs were taken at air speeds ranging from 42 m.p.h. 
to 90 m.p.h. | : 


9. From the results obtained on these photographs the 
pressure at any given hole was plotted as a multiple of e V? 
against the lift coefficient, K,, of the whole aeroplane, corrected 
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for tail lift only. For each photograph the depth h, below the 
static line in inches of the liquid in the tube connected to the 
pressure side of the pitot head, was measured. It was found 
by calibrating the airspeed indicator over a measured speed 
course that the pressure at the pitot head on this particular 
aeroplane was not exactly = 4p V?, but was equal to $9 V?/f? 
where the factor f varied for different airspeeds, having a mean 
value of about 1-04. Thus the number of inches of liquid corre- 
sponding to 9 V? for any particular photograph is equal to 2 f7h 
where f is appropriate to the airspeed at which the photograph 
was taken, and the pressure at any given hole is found as a 
multiple of 9 V? by dividing the height of the liquid in its tube 
by 2 fh. 


The value of K, for a particular photograph depends on the 
airspeed. It was thought more accurate to use the value of h 
to determine this, and not the value observed on the airspeed 
indicator, since the latter cannot be read to less than 4 m.p.h. 
At the time of taking each photograph, the airspeed was observed 
on the indicator connected with the same pitot head as that 
connected with the photographic apparatus. The mean value, 
K, was taken of 


h 


(Observed airspeed, corrected for calibration of the instrument)? 


for all photographs taken in one flight. The value of 9 V? was 
2 
therefore cE : 
pressure 
ove 
the experimental points obtained by measuring the photographs. 
The experimental points lay very close to these smooth curves— 
the average error not amounting to more than 0-005 o V?. 


10. Smooth curves of against K, were drawn through 


11. In order to estimate the total forces acting on the experi- 
mental sections of the aerofoil it is necessary to integrate the 
pressures over it. From the smooth curves drawn through 
pressure 

e V* 
round the aerofoil as a function of z—the distance from the 
leading edge parallel to the chord—and also as a function of y, 
the distance above and normal to the chord. These curves are 
shown in Figs. 11 and 12. They are drawn for different values 
of K,, the lift coefficient of the whole aeroplane corrected only 
for tail lift. The areas of these curves, when integrated by means 
of a planimeter, give the total normal and longitudinal force 
coefficients of the experimental section of the aerofoil. 


the experimental points curves were plotted showing the 
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Sia dileaings 7 against «x 
aay 
These curves are shown in Fig. 13. Their areas give that part 
of the moment coefficient due to the components of pressure 
perpendicular to the chord ; the part due to components parallel 
to the chord is so small as to be negligible. 


12. Curves were also plotted of 


13. In order to obtain the lift and drag coefficients due to 
the pressures on the whole rib, it is necessary to know the inci- 
dence of the wings. The mean incidence, 0, of all four wings 
is deduced from K,—corrected for tail lift only—by means of 
the standard R.A.F. 14 lift curve compiled from inclinometer 
experiments. In the particular aeroplane used the right lower 
plane had 0°26’ less, and the left upper plane 0°28’ more inci- 
dence than the mean incidence of all four wings. Thus—for 
the lower wing— 


K, = K, cos (0 — 0-43)° — K, sin (0 — 0-43)° 
K, = K, sin (6 — 0-43)° + K,, cos (6 — 0-43)° 
and for the upper wing— | 
K, = K, cos (6 + 0-47)° — K, sin (6 + 0-47)° 
K, =K, sin (0 + 0-47)° + K, cos (6 + 0-47)° 


(K being used where the coefficient is deduced from the pressures 
at the experimental holes). 


14. In Fig. 14 will be found K,, plotted against 6 (the inci- 
dence of the actual rib where the holes were) both for the upper 
and the lower wings, and also the mean K, against the mean 
6 for the two wings together. The latter represents the lift 
curve of a section of both wings of a biplane taken about two- 
fifths way out along the span. It is seen that the lift coefficient 
of the upper wing is about 0-075 greater than that of the lower 
wing at the same angle of incidence. 


15. In Fig. 15, Kj is plotted against K, for each of the two 
ribs of pressure holes; the mean K, for the two wings is also 
plotted against the mean K;. This represents the drag curve of 
a section of both wings of a biplane taken about two-fifths way 
out along the span. It will be seen that the upper wing is con- 
siderably more efficient than the lower wing as regards lift /drag 
ratio. (It is to be observed that K, takes no account of skin 
friction, and does not therefore represent the true drag coefficient). 


16. In Fig. 16 the various drag coefficients (again excluding 
skin friction) are all plotted against the mean K, for the whole 
aeroplane corrected for tail lift only. It is seen that when the 
aeroplane is flying at any given mean K,, 2.e., at any given 
mean incidence, the drag of the lower wing is greater than that 
of the upper wing. 
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17) InpFies 1S K,,, the moment. coefficient, is plotted against 
K, both for the upper and the lower wings ; and also the mean 
K,,, for the two wings is plotted against the mean K,. 


N.B.—It was not until the working out of these experiments 
was very nearly complete that the latest R.A.F. 14 model K,, 
curve became the standard curve in use. (K, — Eff.K,) is 
therefore calculated throughout on the basis of the old R.A.F. 14 
K,, curve—now out of date. In order to obtain mean inci- 
dence 9, K, must, as a matter of fact, be so calculated, since it 
was so calculated in the standard R.A.F. 14 lift curve. But 
whenever K, is expressly represented to be “ the lift of the whole 
of both wings corrected for tail lft only ’’ it should strictly be 
calculated on the basis of the new K,, curve, and in this report 
this has been done when finally the various coefficients are 
plotted against mean K, (?.e., in Fig. 16, but nowhere else). 


(6) EXPERIMENTS WITH OLD B.E. 2c Section WINGs. 


1. These experiments were carried out previously to those 
with R.A.F. 14 wings just described. The procedure adopted 
was the same, however, except for the following differences :— 

(a) The bottom wing only was tested. F 

(6) Only nine holes were used in each surface of the 
experimental section instead of seventeen, the number 
used in the experiments just described. The positions 
of these holes are given in Table 2 in terms of co- 
ordinates 2 and y; x and y are expressed as fractions 
of the chord. 

(c) The surface of the wing in the neighbourhood of the 
experimental section was not made smooth with sheet 
aluminium, but was left scalloped. 

(dq) It was thought possible that rapid fluctuations of 
pressure would exist, and, in order to damp out 
resulting rapid movements of the liquid in the tubes 
the rubber pipes connecting these with the alcohol 
reservoir were constricted, so that the time taken by 
the liquid to come to rest after a sudden change in 
pressure was about 15 seconds. In the experiments 
with R.A.F. 14 wings these constrictions were removed, 
and it has been found that there was no need for 
them, photographs taken with as much as 4 seconds 

“exposure giving perfectly sharp outlines. 

(e) The Vaya were plotted against indicated airspeed, 
instead of against K,. This is an approximation, 
since it assumes a constant weight and a constant 
effective wing area and a constant tail lift throughout 
the experiments. But the error here involved is very 
small, T9q | 
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(f) The wing at the section tested had 0°-3 less incidence 
than the mean,.and this correction was therefore 
applied in calculating the incidence of the experi- 
mental section from the indicated airspeed. 


2. The results will be found plotted in Figs. 18, 19, 20, 21 
and 22. Fig. 18 shows the normal force areas at various indicated 
airspeeds; Fig. 19 the longitudinal force areas; and Fig. 20 
the moment areas. in Figs. 21 and 22 are shown the lift and 
moment coefficients and the drag coefficient of the experimental 
section deduced from the integrated pressures, plotted against 
the lift coefficient of the whole aeroplane with no corrections 
for tail or other subsidiary lifts. In the drag coefficients (Fig. 22) 
no correction is made for skin friction, 


548 


TABLE 1, 
POSITIONS OF HOLES FOR R.A.F. 14 WINGS. 


LOWER WING. 


Upper Surface. | Lower Surface. 
Hole No. x | y | Hole No. at | y 
1 0°00 0°38 1] 0°70 0:03 
2 0°70 1:10 2 1°65 0:00 
3 1°60 1°60 3 2°55 0-00 
4 2°55 2°07 4 3°50 0:00 
5 3°40 2°44 5 4°35 0°03 
6 4°30 2°76 6 5°85 0°16 
is 5°75 3°26 7 790 0°38 
8 7°80 3°69 8 11°80 0°69 
9 11°75 4°32 os) 17°80 0°84 
10 17°80 4°57 10 24°80 0°78 
11 24°70 4°51 11 34°80 0°72 
12 34°70 4°32 12 43:70 0:53 
13 43°80 3°88 13 51°80 0:28 
14 51°80 3°07 14 56°80 0°19 
15 56°70 2°32 15 60°80 0°12 
16 60°80 1°57 16 63°80 0:06 
17 63°90 0:94 17 66:00 0°38 
Uprer WING. 
1 0:00 0°38 1 0°80 0:06 
2 0°80 1°16 2 1°70 0°00 
3 1°70 1°66 3 2°60 0°00 
4 2°55 2°07 4 345 | 0°00 
5 3°45 2°45 5 4:40 | 0:03 
6 4°30 2°79 6 390) | 0°12 
7. 5°80 3°23 7 | 7°90 | 0°34 
8 7°80 3°70 8 TieS0.cay 0°66 
she 11°80 4°26 9 17°80 0°84 
10 17°80 4°51 10 24°80 0°78 
11 24°80 4°51 1] 34°80 0°59 
12 34°90 4°26 12 43°80 0°47 
13 43°80 va SS 13* 51°80 0°31 
14 51°80 3°04 14 56°80 0°19 
15 56°85 2°26 15 60°80 0°06 
16 60°80 1°60 16 | 63°90 0:00 
Me 63°90 1:10 17 66°10 : 0°41 


SSS SSS SSS Sg SSS, 
* These holes were never used. 


« = distance from leading edge parallel to chord, in inches. 
y = height above chord, in inches. 
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TABLE 2. 


TABLE SHOWING THE zx AND y CO-ORDINATES OF THE 
EXPERIMENTAL TUBES. 


Tube. | x y 
1 0:0015 0:0052 
la 0:013 0:0230 
2 0:040 0:0408 
3 0:086 0:0592 
4 0°185 . 0:0748 
5 0°385 0:0772 
6 0°584 0:0684 
fj 0°783 0:0478 
8 0:930 0:0221 
9 0:931 0°0025 
10 0°785 0:0077 
1] 0°583 0:0151 
12 0°387 0:0212 
13 0°193 0:0215 
14 0°099 0:0135 
15 0°051 0:0073 
1b 0:026 0:0034 
a 0:0016 0:0105 
B 0:0077 0:0172 
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Analysis of Forces on B.E. 2c Complete Model. 
By 
E. F. Revr, A.R.C.8c., and T. LAVENDER. 


SumMMARY.—Lift, drag, and pitching moment measured on various 
parts and combinations of parts. The results show that there are no 
large interferences, and that lift, drag, and pitching moment can be 
obtained with considerable accuracy for the complete model by summation 
of the parts, provided that biplane effect is eliminated by a test on the 
wings in biplane form. 


The experiments described in this appendix were made mainly 
in order to determine the degree of accuracy with which the 
drags of the various parts of a machine, tested separately, can 
be added up to obtain the drag of the complete machine. The 
experiments have been arranged so as to embrace lift and pitching 
moment as well as drag, and, they also give additional information 
as to the downwash on the B.E. 2c machine. The question of 
the addition of the values of lift and drag on parts of the machine 
is one of great importance, since this method of obtaining the 
forces on the complete machine is a very common one with 
designers, being a much quicker method than that of making 
and testing a complete model, in view of the large amount of 
information now available on wings, bodies and other parts of 
very varied types. The present report shows that the addition 
of the values both of lift and of drag on the various parts gives 
a result for the complete machines, which is accurate enough for 
all purposes of design, provided that the results.of a test on the 
wings arranged as a biplane are available. 


The tests have been made on the 1/10th scale model of the 
B.E. 2c machine with R.A.F. 14 wings, and comprise measure- 
ments upon :— 


(1) Complete model. 


: 
| 
| 
1 
: 
3 
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For tests 1 to 6 the model was supported on wires attached 
to the under surface of the lower plane, the model being thus 
held upside down in the wind channel. In the remaining tests 
the part under test was supported on a spindle attached to the 
balance, but the body drag was also measured on wires to give 
the spindle correction with greater accuracy. 


The results of the tests are given in Tables 3 to 11, and the 
various deductions and comparisons which have been made from 
them are given in Tables 12 to 17. The results are discussed 
in detail below. 


1. Test on complete model.—In the present tests the tail-plane 
was set parallel to the chord of the main plane, and the elevators 
were set at zero angle at all angles of incidence of the main planes, 
so that the results are not directly comparable with those on full 
scale machines, in which the elevator setting is different at each 
angle of incidence. The main object of the present experiments 
is to determine the accuracy with which the lifts and drags on 
the parts can be added up to give the forces on the complete 
machine, and for this purpose it is much easier.to make the tests 
accurately if one elevator setting is used throughout. 


2. Tests on model without tail-plane.—This test, together with 
test (1) and test (8) on the tail-plane alone can be used to 
calculate the downwash. This calculation has been made with 
greater care than was done in the case of R.E. 8 model (Report 
T.995). In the R.E. 8 model a constant leverage was assumed 
between C.G. of machine and C.P. of tail, and only the lift on 
the tail was considered. In the present calculations the lft, 
drag, and pitching moment on the tail-plane alone are all taken 
into account in the manner indicated at the head of Table 12, 
and the resulting equation there given has been solved by plotting 
the moment due to the tail forces against 9, the tail angle of 
incidence, and reading from the curve the value of o for each 
moment difference as observed on the complete machine and on 
the machine without tail-plane. The downwash angle is then 
a —. Measurements of downwash with the yawmeter have not 
yet been made on this model, but the downwash as calculated 
aboveis in reasonable agreement with that measured on the R.E. 8 
model having the same wing section. These values obtained 
for the downwash have been used to calculate the tail lift 
and tail drag for various angles of incidence. It may be argued 
that for the purpose of building up the drag from the drags of 
the separate parts, an independent value of the downwash 
should be used, and not one based upon experiments on the 
complete model. Any reasonable downwash assumption will be 
correct to, say, 1°, and this corresponds with an error of 0-002 Ib. 
on the tail drag between 0° and 4° angle of incidence, an amount 
which is less than 1 per cent. of the total drag of the complete 
model. It thus appears that the differences in tail drag due to 
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different downwash assumptions will not be large enough to affect 
the conclusions of this report, relating to the accuracy of the 
addition of the drags of the various parts as a means of obtaining 
the drag of the complete machine. Under these conditions the 
best available downwash valu.s ior the machine in question 
were taken, although they involve experiments on the complete 
model. 


In Table 13 the values obtained for the tail lift and drag are 
compared with those obtained from the differences in the forces 
on the machine with and without its tail-plane. The agreement 
is quite reasonable on both lift and drag. The abnormal differ- 
ence at 0° angle of incidence is due to the very high lift reading . 
(1-72 lbs.) on the machine without tail-plane at this angle, and 
probably this is an experimental error. 


3. Tests without undercarriage—From tests (2) and (3) the 
differences on lift and drag due to the undercarriage can be found. 
The accuracy on these small differences is not great, but the 
comparison in Table 14 shows that the drag differences agree 
well with those on the undercarriage alone, while the lift differ- 
ences are considerably greater. The values at 0° are again 
influenced by the above-mentioned error in the lift on the 
machine without tail-plane. | 


4. Wings as biplane-—The differences between these results 
and those in Table 5 give the forces due to the addition of the 
body, and these are compared with the forces on the body 
alone in Table 15. There is a very appreciable .effect on the 
lift at the smaller angles of incidence. This is due to the loss 
of lift produced by the gap in the middle of the lower wing when 
the body is removed. If this gap is faired (as was done in the 
case of R.E. 8, T.995) the lift coefficient is increased appreciably. 
The accuracy with which the body lift can be added to the 
wing lift to give that of the combination will depend upon the 
condition in which the wings alone were tested. It appears 
from the present experiments and those on R.E. 8 that the best 
method is to test the biplane without gaps (i.e., two complete 
wings) and to use the lift coefficients so obtained to give the lift 
on the wings with gaps, using the appropriate wing area. 


The agreement on drag is good at small angles of incidence 


(except — 4°), but at 8° and 12° the addition gives too high a 


value. ven here the error is only of the order of 3 per cent. 
of the total drag of thé machine, and it is not easy to make the 
drag measurement correct to 1 per cent. in the neighbourhood 
of the critical angle. 


The results of the tests on the various combination of parts, 
therefore, show that there are no striking interferences between 
these parts, and that the direct addition of lift and drag on the 
parts gives in all cases a tolerably accurate estimate of the lift 
and drag of the combination. In Tables 16 and 17 the addition 
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is made for the complete machine from the four parts tabulated, 
viz., wings and wing struts, body, undercarriage, and tail-plane. 
The differences on lift. are regular, the addition giving the lift 
too low. This, as has already been pointed out, is mostly due 
to the test on the biplane having been made with the central 
gap unfaired. If the lift coefficient on a complete pair of wings 
were used, the addition would give a value more nearly equal 
to that obtained from the complete model—possibly even a 
slightly higher value. 


The drag comparison shows almost phenomenal agreement. 
Between 0° and 8° the greatest discrepancy is 1-5 per cent., 
and over the whole range the agreement is correct to less than 
4 per cent. The slight differences of Tables 13, 14, and 15 have 
to a great extent cancelled out, and left differences which are 
within the limits of experimental error. Of course, it cannot 
be assumed from the present results that the forces on any two 
bodies placed in close proximity will be equal to the sum of those 
on the separate bodies, but it is fairly safe to assume that for 
any design of aeroplane not widely different from the B.E. 2c 
type, the lifts and drags on the parts may be added with a con- 
siderable degree of confidence to obtain the lift and drag on 
the machine. It is also safe to assume that if the scale effect 
correction can be applied to each of the parts separately the 
addition of the forces on the parts so corrected will give the 
forces on the full scale machine with sufficient accuracy for all 
practical purposes. 


5. Estimate of drag of wing struts——The wings having been 
tested as a biplane with eight wing struts; four extra struts 
were added to endeavour to estimate the drag due to the struts. 
The results, which are exhibited in Table 7, are very peculiar. 
The added drag due to the four extra struts decreases as the angle 
of incidence increases, until at 15° the extra drag is zero. This 
does not mean that the four struts have no drag at this angle, 
but that their addition has reduced the wing drag by an amount 
equal to their own drag, leaving the total drag unchanged. The 
resistance of one strut held at an angle appropriate to 4° angle 
of incidence of the machine was 0-0031 lb., so that four struts 
would have a drag of 0-012 lb., allowing nothing for the shielding 
of the back strut by the forward one. The difference in Table 7 
shows that four struts change the resistance of the machine by 
0-018 lb. at 4° angle of incidence, so that at this angle it appears 
that the added resistance due to the struts is 50 per cent. greater 
than the drag measured on the struts alone. It is exceedingly 
difficult to get the requisite accuracy to establish definitely the 
effect of adding small members such as struts, but in the present 
case the values at 0° and 8° seem to show that the difference of 
0-018 at 2° is reasonably correct, and that the struts on the model 
scale add a resistance to the machine which is greater than their 
drag in free air at small angles of incidence of the main planes. 
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It does not necessarily follow that this result will also be true 
for the full-sized struts on an actual machine, since there is 
known to be a large scale effect on struts between model and 
full scale sizes. Any uncertainty that may exist should be less im- 
portant on the full scale than on the model, since the scale effect 
on struts is such that the percentage of the total drag due to 
struts is considerably less on the full scale than on the model. 
Using the values obtained by differences for the drag of four 
wing struts, the drag of the eight wing struts has been subtracted 
from the figures of Table 6, giving the results in the last three 
columns of Table 7. A comparison of these results with those 
for the single wing (Table 8) gives an idea of the magnitude of 
the biplane correction for the wings under consideration. ‘This 
comparison is not a fair one, because of the influence of the gap 
in the lower wing. A better value to use for the biplane can be 
obtained by subtracting the body and struts from the results 
of Table 5, and this has been done in plotting Fig. 25, in which 
the values are also given for the R.A.F. 6 monoplane and biplane 
with same gap and stagger, but on models 18 in. X 3 in. at 
40 ft./sec. The abscissa used is the ratio of the lift coefficient 
to the maximum lift coefficient of the monoplane, as it was 
thought that this was a better basis of comparison than the 
value of the lift coefficient itself. The general appearance of 
the curves makes it seem improbable that a method of correction 
can be found to apply to both sections, and a further analysis 
shows that the lifts can be corrected fairly well, but that no 
simple rule can be found for the drag corrections. The whole 
question of biplane interferences needs more investigation, and 
experiments upon several wing sections as monoplane and biplane 
at fairly high values of vl would be well worth the time spent 
upon them. The experiments at present available are very 
limited. The only complete ones are those made upon the 
R.A.F. 6 section with planes 18 in. x 3 in. in plan (R. & M. 196, 
Sections (i), (ii), (iii)), and there is no reason to suppose that the 
results of these tests will apply with any considerable accuracy 
to a section so different as R.A.F. 14. It would, therefore, 
appear advisable to test any new sections in biplane form if 
accurate results are required, and, if the monoplane form were 
tested as well, valuable information as to the corrections to be 
applied to convert from monoplane to biplane would soon be 
collected. F 
Pitching moments.—The pitching moments about the C.G. of 
the machine have been plotted in Fig. 26 for the model with 
and without tail plane. The dotted curve shows the sum of the 
pitching moments on wings alone and body alone (the under- 
carriage was not considered). It will be seen at once that the 
moment due to the wings is very large compared with that due 
to any other member except the tail, and that the wing moment 
plus the body moment is a sufficiently good approximation to 
the moment without tail plane for all purposes of tail design. 
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The position of the C.G. is shown in Fig. 24; its co-ordinates 
referred to the leading edge of the lower wing chord are 0-040 ft. 
along the chord and 0-206 ft. perpendicular to the chord, 
measured on the one-tenth scale model. 


Additional tests——In Table 9a some further measurements on 
the body alone are given. The drag has been measured at 
various speeds, and the results tend to indicate a scale correction 
of the order of 5 per cent. between model and full scale, the full 
scale drag coefficient being the lower. Figures are also given 
for the drag of the body complete, and, after the removal of the 
following parts, in order—rudder, fin, aviators, and tail skid, 
It is worthy of note that the wind shields are so effective that 
the removal of the aviators does not affect the drag. All these 
tests have been made with the centre line of the body horizontal, 
1.e., at 4° angle of incidence for the main planes. 


General conclusion.—The results of the present report show 
that the lifts, drags, and pitching moments of the main parts 
of a model aeroplane can be added up with considerable accuracy 
io give the forces and moments on the complete model. Some 
care is needed in making the lift calculation on account of gaps 
cut in the wings. The wing section should be tested as a biplane, 
the information available as to the corrections from monoplane 
to biplane being insufficient to allow a general rule for the cor- 
rections to be deduced. 
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TABLE 3, 
B.E. 2c ANALYSIS. 
CoMPLETE MODEL. 
Tail plane parallel to main plane chord. 
Elevators at 0°. 


Wind speed, 40 ft. /sec. 


Angle of | | Moment 

incidence. Lift Lift Drag. Drag Lift. about C.G, 
coefficient | coefficient. ‘Drag. 

Degrees. Lbs. Lbs. | | Kt. Lbs. 
~- 4 — 0°61 | — 0:046 0-485 0:0348  —1:°26 0-061 
— 2 + 0°31 + 0:022 0°351 0°0252 + 0°88 + 0:002 
0 1°42 0-102 | 0:°334 0:0240 4°25 — 0°057 
+ 2 2°61 0°187 | 0°350 0:0251 7°46 — 0°154 
4 3°O2 0°253 0°400 0°0287 8°80 — 0'226 
6 4°53 0°325 0:490 0:0352 | 9°24 — 0'348 
8 5°42 0°389 | 0:612 0:°0439 | 8°85 — 0°497 
10 6:31 0-453 | 0:738 0:0530 | 8°55 — 0°690 
2 6:98 0°501 0:973 00698 | wha — 0°848 

15 fool 0°568 1:55 WP | 9°10 —1'18 

20 8:19 0°588 2°68 0:192 3°06 — 1°70 

25 7°80 0°560 3°79 C272 2°06 — 2°64 

30 727 0-522 4°60 0-330 1:58 — 2°86 

TABLE 4. 
B.E. 2c ANALYSIS. 
MODEL WITHOUT TaIL PLANE. 
Wind speed, 40 ft. /sec. 

Angle of Moment 

incidence. Lift. Lift Drag. Drag Lift. about C.G. 
coefficient. coefficient. Drag. 

Degrees. Lbs. Lbs. Ft. Lbs. 
— 4 — 0°50 — 0:036 0°460, 0°:0330 — 1°09 — 0°214 
— 2 + 0°54 + 0:039 0°336 0°0241 + 1°61 — 0:210 
0 1°72 0°123 0°317 0°0228 5°42 — 0°155 
He 2°57 0°184 0:331 0:0238 7°76 — 0°103 
4 3°46 0:248 0°383 0:0275 9:03 | ~0°063 
6 4°36 0°313 0°450 0:0323 9°69 — 0°025 
8 5°12 0°368 0°536 0:0385 9°56 — 0°002 
10 5:92 0°425 0°686 0:0493 8°63 —0:017 
12 6°47 0°465 0°825 0°0592 7°84. | —0°044 
15 7°20 0°517 1°40 0'101 5:13 —0O°115 
20 reaee) 0°516 2°49 0:179 2°88 — 0°457 
25 6°80 0°489 3°24 0:233 oe kG — 0°762 
30 | 6°65 0°470 3°91 0:281 1°70 — 0°829 
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TABLE 6. 


B.E. 20 ANALYSIS. 
MoprEu witsout Tar PLANE AND UNDERCARRIAGE. 
Wind speed, 40 ft. /sec. 


Angle of | | Moment 
incidence. | Lift. Lift Drag. Drag | Lift. about C.G. 
| coefficient. coefficient. | Drag. 
Degrees. / Lbs. | Lbs. | | Ft. Lbs. 
— 4 — 0°47 — 0°034 0°407 0:0292 — 1:16 — 0°243 
0 + 1°51 +0:'108 Q°279 0:0200 + 5°4] —0°141 
+ 4 3°39 0°243 0:°349 0:0250 9°71 — 0:065 
8 o’01 0°360 0°502 0:0360 9°98 — 0:018 
12 6°37 0°457 0:796 0:0572 | 8:01 | —0°037 
16 be oa SR sO LOS een GM ne 
20 — — 2°48 Osh 7 Se 9 — | — 
TABLE 6, 


B.E. 2c ANALYSIS. 
WInNGs AS A BIPLANE WITH Erant WING STROTS. 
GAP IN LOWER. WING UNFAIRED. 


Angle of | | | Moment 
incidence. Lift. Lift Drag. Drag pears about C.G. 
coefficient. coefficient. | brag. 
Degrees. Lbs. Lbs. | Ft. Lbs 
| 
— 4 — 0°77 — 0°055 0°341 0°0245 — 2°26 | — 0°233 
— 2 + 0°26 + 0:019 0-212 0°0152 + 1:23 — 0°187 
0 125 0-090 0°189 0:0136 6°62 — 0°132 
2 2°28 0°164 0°204 0°0146 11-2 — 0113 
4 3°28 0°236 0°253 00181 13°0 — 0°082 
6 4°08 0°293 0°335 00241 12°2 — 0°067 
8 4°88 0-350 0°427 0°0307 11°4 — 0°058 
10 5°61 0°403 0°545 0°0390 10°3 — 0°063 
12 6°32 0°454 0°710 0°0510 8:90 | —0:°091 
15 6°84 0°492 1°25 0:0898 O47 i 0°121 
20 6:86 0-494 | 2:26 | 0-162 3-03 | —0-357 
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TABLE 7. 


B.E. 2c ANALYSIS. 


Drag of wing struts. 


Biplane without struts. 


Angle of | 1 ; 
incidence. | Drag with | Drag with | Difference 
twelve eight for four Drag. : 
struts. struts. struts. Drag Lift. 
coefficient. : Drag. 
Degrees. Lbs. Lbs. Lbs. Lbs. | 
— 4 0°373 0°34] 0:032 0°277. | 070199 — 2°78 
—- 2 —— — — 0:164 | 0:0118 + 1:59 
0 0°208 0°189 0°019 0151 | 0:0108 8°29 
HONS ae an na 0167 00120 136 
4 0:271 0-253 0:018 0:217_ | 0°0156 15°1 
6 = eit te 0-302 00217 13°5 
8 0°442 0°427 0015 0°397 . 0°0285 12°3 
10 a a a 0526 0:0378 10:7 
1 0:714 0°710 0:004 0°702 | 0:0505 9:01 
15 1:249 1:25 0°00 1-25 .| 070898 5°47 
20 — — —— eds ees Go 3°02 


ee 


The resistance of a single strut at an angle appropriate to 4° angle of 
incidence of the machine was found to be 0:0031 Ib. 


TABLE 8. 
B.E. 2c ANALYSIS. 
Urrer WIina As MONOPLANE. 


| 
Angle of | | , 
incidence. Lift. | Lift Drag. Drag | Lift 
| coefficient. coefficient. Drag 
Degrees. Lbs. Lbs. 
ind — 0°66 — 0:090 0-179 00244  —3-69 
Lind + 0-01 + 0-001 0085 00116 +0:12 
0 0°75 0102 0-074 0:0101 10-1 
MEE 2 1:44 0196 0-076 0-0104 19-0 
4 2°02 0-276 0103 0:0140 | 196 
6 2-61 0-356 0143 0:0195 18:2 
8 3°05 0416 0-189 0:0258 16'1 
10 3°44 0-469 0-252 00344 = 136 
12 3-70 0-505 | 0:338 00461 | 10:9 
15 3-93 0536 | 0-762 | 0104 | 516 
20 3°44 0-469 | 1-21 0165 eee 
| 
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TABLE 9. 
B.E. 2c ANALYSIS. 
Bopy ALONE, WITHOUT FIN oR RUDDER. 


Lift. Drag. Moment about C.G. 


Angle of 
incidence of wings. Tbe" Tbs! Ft. Lbs. 
— 4 — 0:003 0:0871 0:0092 
— 2 + 0:005 1 0:0866 0°0112 
0 0:010 0:0859 0:0132 
ie ean | 0:017 0:0857 0°0160 
4 0:023 0:0863 0:0180 
6 0°029 0:0883 0°0212 
8 | 0:035 0:0913 0°0228 
10 0:041 0°0952 0°0223 
12 0:049 0:1008 0°0216 
15 0:065 0°109 0°0180 
20 0-100 | 0-131 00060 

TABLE 9A, 


B.E. 2c ANALYSIS. 
Draa or Bopy witH FIN anp RUDDER. 
Angle of Incidence of Main Planes, 4°. 


Wind speed. Drag. 


; ae x 10° 
Ft. /Sec. Lbs. 

30 0°0520 5°78 

40 0:0908 5°67 

50 0°142 5°68 

60 0°203 5°64 

70 0°277 5°66 

78'6 0°346 5°60 

Analysis of Body Drag. 
Drag. 
(lbs. at 40 f. /s.) 

Body complete — - _ ~ ~ - 0:0908 
Body without rudder — ~ - -- - 0°0895 
Body without fin or rudder - - ~ — 0:0863 
Body without fin, rudder, or men - - - 0:0863 


Body without fin, rudder, men, or tail skid - ~ 0:0803 
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TABLE 10. 


B.E. 2c ANALYSIS. 


UNDERCARRIAGE ALONE. 


Angle of incidence of | 
wings. Lift. | Drag. 
Degrees. Lbs. | Lbs. 
— 4 — 0:007 | 0:0428 
oe a — 0:003 0:0409 
+ 4 + 0:015 0°0391 
8 0:030 0:0386 
12 0:036 0:0425 
15 0:020 0:0448 
20 0°020 0:0476 
TABLE lI}. 


B.E. 2c ANALYSIS. 


TaiL PLANE ALONE. 
Elevators at Zero. 


| Moment about point 
| 0°212 ft. behind 
Angle of incidence. | Lift. Drag. | leading edge of tail 
| plane. 
Degrees. Lbs. Lbs. . Ft. Lbs. 
0 0 0°0150 | 0 
2 0°153 0:0186 0:0180 
4 0°296 0:0272 0.0356 
6 | 0°439 0:0418 0°0532 
8 0°585 | 0:0658 0:0687 
10 baa o4 0-1035 0.0846 
15 | 0-908 0:281 0.0568 
20 0:906 0°388 0°0449 
25 bs ree, 0446 0.0465 


B.E. 2c ANALYSIS. 


DOWNWASH CALCULATION. 


WhnrdD NEAR 
TAIL 


Moment about C.G. due to tail :— 
M,=M, —L, (a cos @ — bsin ¢) nike (b cos ¢ + @sin ¢) 


= (Moment on complete machine) — (Moment on machine without tail- 
plane). 


By plotting M, against 9 the results in the table below are obtained :— 


TABLE 12. 
| | Tail lift. | Tail drag. 
Angle of | iDownywashi! 2 26 i | , 
incidence. M, ts) | angle. 
| | Lg cos (a —9) | Doacos (a —@) 
od : lige Set, — Dg sin (x —9) +Lesin (x — 9) 
ME ene 0-275 Bs eg ear Ut Caan Gy Be 00243 
eo ne? a 202 mh nis eae (28 — 0:130 | 0:0186 
0 |—0:098 | —0°8 | +0°8 — 0:062 0:0148 
8 abe I+ 0:051 | + 0:4 1°6 + 0:031 0:0159 
4 0:163 1:3 2:7 0:099 0:0215 
6 0°323 2°7 1 eee 0:199 0:0324 
8 0:495 4°] 39 | 0:°302 0:0484 
10 0673 5:7 PR yen 0:414 0:0700 
12 O°804 ek G-Star Jae 0:498 0:0947 
15 1066; 90 | 60 | 0-640 0-148 
OOP | 1-501") 14:0 |... 6D 0:853 0-340 
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TABLE 13. 


B.E. 2c ANALYSIS. 


Comparison between tail forces calculated from downwash, and 
differences between models with and without tail. 


Lift (lbs.). | Drag (lbs.). 
Angle of TWN ld + Ro ae 
incidence. | ; | 
pepo, PAMSSES? | tai |RARSSES? | tate 
| 
unt ama oie | nit behcnh 0-025 0-024 
— 2 —0°23 | — 0°13 0:015 0:018 
0 —0:30 | — 0°06 0°017 0-015 
+ 2 +003 | + 0:03 0°019 | 0°016 
4 0:06 0°10 0°017 0:021 
6 0°17 0:20 0°040 0°032 
3 0°30 0°30 0°076 0:048 
10 0°39 0°41 0°052 0:070 
12 O'925. 3 0°50 0°148 0°095 
ules | Or7 0°64 0°15 O-15 
20 | 0014 0°85 0°19 0°31 


_ NoTEe.—A comparison of moments will necessarily show agreement, 
since the moment difference was used to calculate the downwash. 


TABLE 14, 
B.E. 2c ANALYSIS. 


Comparison between forces on undercarriage, and differences 
between model with and without undercarriage. 


wie 


RS 


~SOy PCECRAE G E SWIRLS 


Lift (Ibs.). | Drag (Ibs.). 
Angle of Woe dues | | 
incidence. PERE hah Go aphet iS indl 
Difference = Undercarriage Difference | Undercarriage 

Degrees. | on model. alone. on model. | alone. 
— 4 — 0:03 — 0°01 0°053 0:043 
0 + 0°21 0 0°038 0°041 
+ A4 0°07 + 0°02 0-034 0°039 
8 O-11 0°03 0-034 0-039 
12 0°10 0°04 0:029 0°042 
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TABLE 15. 
B.E. 2c ANALYSIS. 


Comparison between forces on body, and differences between 
biplane with and without body. 


| Lift (Ibs.). | Drag (Ibs.). 
‘Angle of | eT a ier ee ee 
incidence. | heap ie | 
Degrees. aunehee: | Body alone. on model. | Body alone. 
| 
— 4 0:30 0 0:066 | 0:091 
0 0:26 0:01 0-090 | 0:090 
i 4 O'll | 0:02 0:099 | 0:090 
8 0°13 | 0°04 0:075 | 0-095 
12 0°05 0:05 0:086 0°105 


Notre.—The fin and rudder add 0:004 to the drag at 0°, and it has here 
been assumed that this small addition is independent of angle ofincidence. 


TABLE 16. 
B.E. 2c ANALYSIS. 


Comparison between complete model and sum of parts. , 


LIFT. 
Angle of Biplane | | | e 
meid : d : | Under- 4 | C let Differ- 
anes ae | Body Siridest Tail. | Sum. Hohing! sacs 
Degrees. struts. | | 
ea 700, Mee O01 I 0:17) 0-95. = 0-61, 0°34 
— 2 | +0°26! 0-01 0:00 | —0'13 | +0:14 | + 0°31 0°17 
Ores; 1-25 | 0-01 G00 “e006 ho 1°42 0°23 
a ieee ee 2:28 06:02 | + 0°01 | + 0°03 | 2°34 2°61 0:27 
- 3°28 0:02 0:02 | 0°10 3°42 3°52 0:10 
6 4:08 0:03 0°02 0-20 4°33 4°53 0:20 
8 4°88 0:04 0:03 0°30 | 5°25 5°42 0°17 
LQ ein 5°61 0°04 0°04 | 0°41 | 6:10 | 6°31 0°21 
AE Be 6°32) .0'0S 0°04 | 0°50 | 6°92 6:98 0:06 
ey MAR! 6°84 0:06 0:02 | 0°64 | 7°56 POO" Sa 
20. | 6°86 0:10 0:02 | 0°85 7°83 S19 0°36 
Mean 0°22 


The difference is largely due to the effect of the gap in the lower wing, 
due to removal of body. In R.E. 8 the effect of fairing this gap was to 
improve the lift coefficient by 0°022; the present difference on lift co- 
efficient is 0°016. 
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TABLE 17. 
B.E. 2c ANALYSIS. 


Comparison between complete model and sum of parts. 


DRAG. 
mpi of | Biplane | | | ! b, | uy 
incidence. | and | Under- enue fea _ Complete 
| wing | Body. ted PEP duoroe y meh error 
Degrees. struts. | | | 
| | 
—4 0°341 0-091 004300770024 0°499 0°485 2°8 
— 2 Ole 0:091 0°042. 1%0°019 0:364 0-35! Sry 
0 0°189 0°090 0-041 0-015 0°335 0°334 0:2 
+2 0°204 0:090 0:040 0:016 0°350 0°350 ‘0-0 
4 0°253 0-090 0:039 0°02) 0°403 0:400 0°6 
6 0°335 0-092 0°039 0°:032 0°498 0:490 eo 
8 0°427 0:095 0:039 0-048 0°609 0°612 0°5 
10 0°545 0-099 0:040 | 0:070 0°754 0:738 yan 
ye 0°710 0°105 0:042 0:095 0°952 0°973 |— 2:1 
TS Kaa! 0-113 0:045 0-148 1°56 1°55 0°6 
20 | 2°26 | 0-135 0:048 0:31 oT ie 2°68 | Jade) 
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APPENDIX IV. 


(1) Pressure Plotting on sections of the Upper and Lower Wings 
of a Biplane with R.A.F. 14 Wings. 


(ii) Pressure Plotting on the Lower Wing of a Biplane with B.H. 2c 
Wings. 
By 
KE. F. Reur, A.B.C.Sc.,-R. Jones, M.A., and T. LAVENDER. 


(i) PRESSURE PLOTTING ON SECTIONS OF THE UPPER AND LOWER 
WInGcs OF A BIPLANE WITH R.A.F. 14 WINGs, 


The experiments of this section were carried out in continua- 
tion of the comparison of pressure plotting on model and full- 
scale wings. The model used was the one-tenth scale complete 
model of the B.E. 2c machine with wings of R.A.F. 14 section, 
and the pressure plotting was performed on both upper and lower 
wings. The sections over which the pressures were measured 
were in the same relative position as those used for the full-scale 
plotting, and the holes were intended to be in the same positions 
as those in the actual wing. Owing to the great difficulty of 
drilling these fine holes in the model wing, they do not always 
agree exactly in position with those of the full-scale wing, and 
the actual positions of the model holes were, therefore, measured 
after the plane was made and are recorded in Table 18. To 
eliminate errors due to slight differences of section the model 
aerofoil was measured up and corrected until it agreed very 
closely with the full-scale section, particulars of which were 
furnished from actual measurements of the pressure plotting 
ribs on the machine. 


The model was supported on wires, as in the earlier tests on 
B.E. 2c wings, to make any possible interferences as small as 
practicable. The method of experiment is described in more 
detail in Section (11) of this Appendix. 


The actual pressures measured at each hole are recorded in 
Table 22, and the integrated results are given in Table 23. The 
accuracy of the integrated results is not so good on the drag as 
on the lift, and the exceedingly low drag coefficients at small 
angles on the upper wing led to a repetition of the measurements 
at 0° and 2° with the model the other way up in the channel, 
to see whether the low drags were due to any want of hori- 
zontality in the wind. The. agreement between the lift co- 
efficients shows that the wind was parallel to the channel axis 
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to well within one-tenth degree, and the differences in the drag 
figures are such as might be expected from errors of observation 
and integration. The means of the two results at 0° and 2° 
have been used in calculating lift and drag. 


The pressures have been plotted in Figs. 27-34 in the forms 
necessary for the integration of both normal and longitudinal 


force. 


of the nature of the pressure changes round the section. 


These diagrams are intended solely as a rough indication 


The 


accuracy of plotting and reproduction is not great, and all figures 
for actual use should be taken from Table 19. 


TABLE 18, 


POSITION OF PRESSURE PLOTTING HOLES. 
R.A.F. 14 WING. 


Upper plane. Lower plane. 
No. of hole. Upper surface. | Lower surface. Upper surface. | Lower sar tonet 
X. ME x ie pas KS X. ‘Ys 
a : - . ‘ 
Leading edge | 0 |0:0078, 0 |0:0078} 0 |0-007C} 0 | 0-0070 
1 0:0129) 0:0181) 0:0071) 0:0032} 0:0114) 0-0172) 0-0118/ 0:0012 
2 0:0248) 0:0250) 0:0209) 00005) 0-0225) 0:0200} 0:0241| 0:0004 
38 0:0388) 0:0314) 0:0364) 0:0000) 0:0339) 0:0291) 0:0361) 0:0000 
4 0-0523) 0:0373| 00512) 00000) 0-0508 00367) 0:0532) 0:0000 
5 0:0652) 0:0420) 0:0656) 0:0007| 00652) 00420) 0°0695, 0:0010 
6 0-0896|-0-0505) 0-0836) 0-0025) 00888! 0-0505] 0-0856 00027 
7 0°1180| 0:0572) 0:1177/ 0:0062) 0:1175) 0:0571) 0°1175) 0:0061 
8 01755) 0:0642) 0°1798 0:0112)| 0°1742| 0:0640| 0°1767 0:0108 
2. 0°:265 | 0:0680)0°251 | 0°0145) 0°2645) 0-0680! 0:2715) 0:0139 
10 0°390 | 0:0685' 0°373 | 0:0140/0°375 | 0-0685) 0°3735) 0:0130 
11 0-529 | 00-0650, 0°524 | 0:0105/0:524 | 0-0652| 0-528 |0-0098 
12 0-663 | 0°0580; 0°662 | 0:0070)0°662 | 0-0570/0°662 | 0-0065 
13 0:784 |0:0460/0:782 | 0:0041/0°784 | 0-0450] 0°780 | 0:0037 
14 0°859 | 0:0354/ 0°859 | 0:0020)0°852 | 0:0355/ 0-859 | 0:0016 
15 0°915 | 0°0250; 0:918 | 0:0008)0°920 | 0-0240/0°918 |0:0008 
16 0-966 | 0:0160' 0-965 00000 0-968 | 0:0155|0°967 | 0°0000 
Trailing edge |1°000 |0:0060) 1-000 | 0:0060| 1-000 | 0-006; 1-000 | 0:0C60 


All dimensions are expressed as fractions of the chord. 
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TABLE 19. 
PRESSURES AT HOLES ON RBR.A.F. 14 WINGS. 
Angle of Incidence, 0°. 


| Original test. 95 aM hae 
No. of hole. Upper wing. Lower wing. | Upper wing. 

Upper Lower | Upper Lower Upper Lower 

surface. | surface. _ surface. surface. surface. | surface. 

| pee Ns) 

Leading edge 0:500 | +0°500 | 0:430 | +-0-430 0:511 | +0°511 
1 0:164 | —0:079 | 0:369 | —0°541 0-199 | —0:109 
2 — |+0:046 | —0:169 | 0-250 | —0°512 | +0-080 | —0-217 
3 —0:068 | —0°131 0:142 | —0:367 | —0:017 | —0°158 
4 —0°130 | —0°106 | +0:036 | —0:183 | —0:097 | —0-130 
5 —0°181 | —0:089 | —0-025 | —0-164 | —0-164 | —0-108 
6 —0°257 | —0:053 | —0°120 | —0°129 | —0-239 | —0-0€8 
7 —0°281 | —0°013 ae —0°046 | —0:276 | —0:034 

8 —0°304 | +0:034 | —0:196 | +0:007 | —0°295 | +0-031 
9 —0°234 | 0:072 | —0:163 | 0:020 | —0:235 | 0-074 

10 —0°195 | 0:044 | —0°131 | 0:018 | —0:196 | 0-041 

11 —0°180 | 0:019 | —0-124 | 0:014 | —0-179 | 0-012 
12 —0°168 |+ 0:002 | —0°121 0:006 | —0°171 | +0-001 
13 —0:145 | —0:003 | —0:097 | +0:005 | —0°147 | —0:007 
14 —0+132 | —0°010 | —0:077 | —0:006 | —0°128 | —0-015 
15 —0:120 | —0°018 | —0-069 | —0:006 | —0°120' | — 0-023 

16 —0-060 | —0-018 | —0-067 | —0-031 | —0:077 , —0-030 
Trailing edge | —0-010 | —0-010 | —0-:026 —0-026 | —0-016 | —0-016 

Angle of Incidence, 2°. 

Leading edge |+0°510 | 0°510/| 0-265 | +0-265 |+0°360 | 0-360 
1 —0:125 | 0:233 | 0°218 | —0:237 | —0:050 | +0:225 
2 —0'168 | 0:031 0°122 | —0°153 | —0°130 | —0-009 
3 —0°262 | 0:019 | +0-038 | —0-116 | —0:240 | —0-013 

A —0°296 | 0-011 | —0-060 | —0:086 | —0-292 | —0°012 

5 —0°340 | 0-004 | —0-116 | —0°074 | —0-325 | —0-013 

6 | 0-393 | 0-031 | —0-198 | —0-044 | —0°394 | +0014 

7 0405 | 0-068 a —0:010 | —0°403 | 0-053 

8 | —0°403 | 0-090 | ~0-246 | +0-051 | —0-412 |} 0-082 

9 | 0-314 | 0-095 | —0-191 0-089 | —0:319 | 0-091 

10 | —0-266 | 0-061 | —0-162 | 0-052 | —0:2€3 | 0-05 

1 0-231 | 0-031 | —0-:139 | 0-038 | —0-250 0-026 

12 —0:210 | 0-013 | —0-:135 | 0-030 | —0-212 | +0-0C9 
13 —0°182 | 0°000 | —0°112 | 0°025 | —0:186 | —0-003 

14 —0°129 | —0-008 | —0-089 0:014 | —0°146 | —0-011 
15 —0:080 | —0-017 | —0°080 | 0-013 | —0-094 | —0-022 
16 —0°043 | —0°016 | —0-037 | 0:002  —0-049 | —0:022 
Trailing edge | —0-007 | —0:007 | +0°013 0013. —0-013 | —0-013 
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TABLE 19 (continued). 
PRESSURE AT HOLES ON R.A.F. 14 WINGS. 


Angle of incidence 4°. Angle of incidence 6° 
Be of Upper wing. Lower wing. Upper wing. Lower wing. 
hole. a — 
Upper | Lower Upper Lower Upper | Lower | Upper | Lower 
surface. | surface. | surface. | surface. | surface. | surface. | surface. | surface. 
Lead- | 
ing. | | 
edge |-+0°378| 0°378| 0°515| 0°515/+0°246| 0:°246/+0°254| 0°254 
1 |—0°340| 0°378|+0:079| 0-013;—0-902| 0-502;—0-115] 0-209 
2 |—0°367| 0:201}—0°005| 0°014}—0°598| 0°320}—0-158| 0°152 
3 |~0°412| 0:142|/—0-086| 0:015)—0°560) 0-241|—0-206) 07133 
4 |—0'475| 0:119}—0°165} 0°017;—0°620| 0:200|—0°273| 0-113 
5 |—0°505} 0:089}—0-214|. 0:008|—0°658| 0:166|}—0°311| 0-092 
6 |—0°541] 0:104|—0°295| 0:028|—0°683| 0:165|—0°364} 0-101 
7 |—0°535} 0:123 — 0:073 | —0°664| 0-173 -—- 0133 
8 |—0°494| 0:130)—0°294| 0:107;}—0°592| 0°167|—0°343| 0:°155 
9 |—0°388} 0:130|/—0-226| 0°113|/—0:454)| 0:153)}—0°260| 0-146 
10 |—0°312|} 0-083)—0°171} 0:082|—0°332| 0:101|—0°194| 0-114 
11 —0'239|} 0:046;—0°148; 0:064}—0°273| 0:054)—0°157| 0:087 
12 |—0-218|} 0:020|/—0-141| 0:°050|—0:240| 0:025|;—0:141| 0-067 
13. |—0:182}+-0:002|—0°117} 0:041)—0:193|+0:001|—0:107; 0°055 
14 |—0:134|—0-:010|—0-089| 0:029|—0°143|—0:010|—0°076| 0-042 
15 |—0-087|—0:020/—0-042| 0:026/|—0-090 | —0:025 | —0°024| 0:036 
16 |—0:048|—0:023}—0-:002| 0:017|—0:051 | —0:031/+0-005| 0°024 
Traul- 
ing) | 
edge '—0:014! —0-014/+0°026| 0:026|—0-023|—0-023|; 0:032| 0°032 
Angles of Incidence, 8° and 10°. 
| Angle of incidence 8°. | Angle of incidence 10°. 
Lead- | one ae A | guar ee 
ing | | | 
edge | = 1°27)-1 27) 4460-0961 170-006 (eat-66 (ies 16s —0°300 —0-300 
1 —1°31 |+0°508|—0:363; 0°357|—1°66 |+0°510|—0°752 |+0°444 
2 |—1:28 0-403} —0°340| 0°273|—1-°67 0-454 |—0°733| 0°357 
3. |—0°700| 0°306|—0°344! 0:237|—1-:28 0°371|—0°541| 0°322 
4 |—0°685| 0:270'—0-388| 0-198|—0:936| 0:322|—0-463) 0°272 
5 p-Or7014 0°234)5 —0°415 |) 0°170) = 0-818)" 0.279 pa 0:236 
6 |—0°782 0-218 | —0°458 0°170|—0°833| 0°263|—0°535; 0°230 
Tn he Oak UO en 0°193|—0°807| 0:251 —~ 0°241 
8 |—0°674| 0:201!—0°391) 0:195}—0-°716| 0:222|—0-451) 0-228 
9 |—0:491| 0:179|—0°298| 0:182|/—0°530| 0-201|—0°322} 0-214 
10 |—0°378| 0°119}—0°222) 0:141/—0°410| 0°133}—0°223; 0°167 
11 —0°298; 0:066;—0°158| 0:109]—0°308| 0:069;—0°169' 0-132 
12 |—0°253| 0:029;—0°148| 0:085]—0-249/|+0:026}—0°151| 0°101 
13 |—0:188)+-0:004 | —0-113| 0:069|—0:183|—0-006|—0-106! 0-080 
14. |—0°137|—0:018, —0:073; 0-053} —0-137 | —0:031 | —0:067) 0:061 
15 |—0-095 | —0:035 | —0-022; 0-045|—0-107|—0-055/—0:018 0:048 
16 |—0-064 | —0:049!+0:009' 0:028}—0-:081 |—0:075/+0°013; 0:022 
Trail- | 
ing 
_ edge —0:044|—0-044! 0-035 0:035|—0-068|—0-068! 0-033 0-033 
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TABLE 19 (continued), 


PRESSURE AT HOLES ON B.A.F. 14 WINGS. 
Angles of Incidence, 15° and 20°. 


| Angle of incidence 15°. 


Angle of incidence 20°. 


No. of Upper wing. Lower wing. Upper wing. Lower wing. 

hole. et 
Upper | Lower | Upper | Lower | Upper | Lower | Upper | Lower 
surface. | surface. | surface. | surface. | surface. | surface. | surface. | surface. 

Lead- | 

ing 

edge | —0°870 | —0°870 | —1°325 | —1-°325 | —0°393 | —0°393 | —0°515 | —0°515 
1 |—0°847/+0°514 | —1°355 | +0°517 | —0°394 | +0°526 | —0°657 | +0°518 
2 |—0°914| 0°481/—1:390| 0:487|—0°391| 0°476|—0°663| 0°500 
3 |—0°905; 0°411|—1:390|} 0°439|—0°391| 0°414|—0°624| 0°459 
4 |—0:905} 0°359)—1:075| 0:393)—0°402} 0°370}—0°629| 0°418 
5 |—0°857| 0°322|—0°816| 0:°357|—0°400| 0°330)}—0°638; 0-381 
6 |—0°838| 0°302|—0°648| 0:°342/—0°399} 0°304|—0°634; 0-364 
7 |-—-0°805| 0-285 — 0-330} —0°388} 0°287 — 0°350 
8 |-—0°746} 0:252|—0°526| 0:304)—0°389} 0:249/—0°592| 0-323 
9 |—0°653} 0:219|—0°389|} 0:271|—0°387; 0°218)—0°552; 0°288 
10 |—0°562} 0°137|—0:282| 0:221|—0°-405; 0°128)—0°485| 0°228 
11 |—0°439|} 0:063}—0°206| 0:°167| —0°421/+0°029|—0°388; 0:172 
12 |—0°360|+0-002|—0°151| 0:131 | —0°433| —0-049| —0°307| 0°118 
13 | —0°288} —0-049| —0:090| 0-096 | —0°430 | —0°125| —0:245| 0:067 
14 |—0°255 | —0:089 | —0:062| 0:062) —0°411 | —0°187| —0°222|+-0-015 
15 | —0°239 | —0°133 | —0:035 | +-0:037 | —0°393 | —0°248} —0°195 | —0:030 
16 |—0°219| —0°180 | —0:019 | —0-007 | —0°377 | —0°317| —0:178} —0°117 

Trail- | 

ing 

edge |—0°198|—0:198 | —0-012 | —0-012 | —0°334 | —0:334 | —0-158| —0-158 
3B3828B U 
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TABLE 20. 
RESULTS OF FORCE INTEGRATION. 


UPPER WING. 


Longitudinal , 
ee: N: 1 f. Lift D 
Angle of Aneienes. eooiioisnt a Pree beeaiciont soeiicisnt 
Degrees. 
| 
0:178 + 0°0042 ; : 
0 i017 00086) 0-174 0-0049 
0:27 } —O: oO} | ; : 
2 uss ie 0-085} 0-269 00054 
4 0°344 | —0°0154 0°344 0:0086 
6 0°415 —  — 00271 0°416 0:0164 
8 0°480 | — 0:0492 0°482 0:0180 
10 0°532 | —0:0631 0:535 0:0304 
15 0°585 | —0°:0264 0°572 0°126 
20 | 0-480 | +0-0004 0-451 0-165 
LowER WING. 
- Longitudinal : 
ae Normal force Lift D 
PONIES, coefficient. me poree Re Boakinieer eoeficen 
Degrees. 
0 0-076 0:0100 | 0:076 0:0100 
2 0°151 + 0:0044 0°151 0:0097 
4 0°212 | — 0:0002 0:211 | 0:0146 
6 0:°275 | —0:0085 | 0:275 0°0203 
8 0°332 | —0°0177 | 0°331 | 0°0287 
10 | 0:385 — 00302 | 0°384 0:0373 
15 0°503 — — 0:0625 0°503 0°0701 
20 0°595 — 0°0254 | 0°569 | 0‘1800 


Pa i nN en ars Eo 
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(ii) Pressure PLOTTING ON A SECTION OF THE LOWER WING 
OF A BIPLANE WITH B.E. 2c WInN@s. 


The experiments described in this section compare directly 
with the tests in Appendix II on the pressure distribution over 
the wing of an aeroplane in flight. The model used was the 
one-tenth scale complete model of B.E. 2c, with the old B.E. 2c 
wing section, and was as nearly as possible a scale model of the 
aeroplane used in the full scale tests. The pressure plotting 
holes were more numerous than those on the full scale machine, 
but many of the model holes agree in position with those of the 
machine, so that a direct comparison of the pressures is in many 
cases possible. The positions of the holes in the model wing 
are given in Table 21, which also defines the section. 


The model was supported on wires in the wind channel, so 
as to minimise any possible interference due to the method of 
support. The pressure plotting was performed in the usual 
way by stopping all the holes with plasticine and then opening 
one at a time and measuring the pressure at the open hole by 
means of a tilting gauge. This process was repeated at each 
angle of incidence, so that the pressures at every hole at any 
given angle were recorded without alteration of the attitude of 
the model. This method differs slightly from that adopted in: 
the older experiments, in which the pressure at one hole was 
measured at all-.angles of incidence, and then the next hole 
treated in like manner, and so on. The accuracy is probably 
slightly improved by the method adopted, since there is no. 
error due to slight variations in angle setting for different holes 
as in the older method. 


A preliminary set of pressure measurements was taken at 
an angle of incidence of + 1°, and it was found that there were 
considerable variations from the pressures found at corresponding 
holes on the full scale wing, more especially in the neighbourhood 
of the leading edge. It was suspected that these differences 
might be due to slight errors in the shape of the section. The 
section was measured carefully on a milling machine, and was - 
found to depart appreciably from that given for the actual wing.. 
It was accordingly made up to the correct section with wax,. 
and by scraping away where necessary to accurate templates. 
Subsequent measurement showed that the waxed plane had the 
same section as that of the full scale wing within the limits of 
allowable errors of cutting the templates. The modified section 
was again pressure plotted at + 1°, and the results are compared 
with the original set in Fig. 35. It will be seen that the small 
changes of shape have only produced very small alterations in 
the pressures, so that it is not possible to account for the 
deviations from full scale by change of shape of section. In 
Fig. 36 the pressures at 0° angle of incidence are plotted at 
40 it. /sec. and 80 ft./sec. The variation is again small, but in 
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the expected direction, corresponding with a higher lift coefficient 
at the higher speed. Any scale effect which may exist would 
be more marked at small angles of incidence than at larger angles 
and, as the differences at 0° are small, it was not considered 
necessary to take readings at more than one speed for the other 
angles of incidence. 


The actual pressures observed in all the holes are given in 
Table 22. These were plotted in the usual way against the 
abscissee and ordinates of the holes, and the areas of the resulting 
diagrams measured, giving the normal force coefficient and the 
longitudinal force coefficient. A simple resolution of these gives 
the lift and: drag coefficients of the section. The normal and 
longitudinal force coefficients are given in Table 23, and also 
the lift and drag coefficients deduced from them. 


TABLE 21, 


POSITIONS OF PRESSURE PLOTTING HOLES IN 
B.E. 2c WING. 
X and Y are the co-ordinates of the holes, along and perpendicular 


to the chord, measured from the leading edge, and expressed 
as fractions of the chord. 


Upper surface. - Lower surface. 
Hole. 
>. xs ae 2 
i 
Leading edge | 0 O00 wnt 0-0070 
1 0:010 00200 0:025 0:0034 
4 0:037 @:0395" 1 0:049 | 0:0070 
3 0°062 0052064) 0074 | 00102 
4 0:086 0:0590 ©. 0:097 0°0133 
5 0:136 00695 0-144 0:0182 
6 Corso. =" 0:0747 Tey 0°0215 
7 0:286) | 0:0782 0-289 0:0230 
8 0:386 0°0772 0-386 0°0213. 
we) | 0°485 0:0786.5 4 0°485 0°0187 
10 0-585 00685 | 0°584 00152 
11 £07685 0°0595 0°685 0°0117 
12 0°787 0-0472 0°787 0:0076 
13 0-860 0°0350 | 0-860 0:0050 
re 0°933 | 00215 | 0-933 0°0024 
Trailing edge 1:000. 4) | 0:0040 1-000 00040 


eS SSS sh cS 


Note.—These co-ordinates were measured on the milling machine 
after the plane was made. 
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TABLE 23, 


RESULTS{OF, FORCE INTEGRATIONS ON B.E. 20 
WING SECTION. 


ncisot Longitudinal; Normal Lift Dra Lift 
Tasiden oat C feet C eet Coefficient. Coattiolents Drag. 
Degrees. Cae 

0 0:0148 0-119 OF ILO 00148 8:0 

1 0°0121 0°147 0°147 0:0147 10:0 

2 + 0°:0092 0°172 0°172 00152 | 11°3 

4 — 0:0005 0°242 0-241 0:0164 14°7 

6 — 0°0101 0°312 0°313 0:0226 i3S'7 

8 — 0:0187 0:340 0°340 0:0289 bis7 

10 — 0:0308 0°402 0°401 0°0394 10°2 
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PREDICTION OF THE PERFORMANCE AND LONGITU- 
DINAL STABILITY OF AN AEROPLANE, INCLUDING 
THE ESTIMATION OF THE EFFECT OF SMALL 
CHANGES IN THE DESIGN. 


By H. Gruavert and 8. B. Garss. 


Presented by the SUPERINTENDENT, Royal Aircraft Factory. 


Reports and Memoranda, No, 324. March, 1917. 


Summary.—in this report methods are developed for predicting the per- 
formance and longitudinal stability of an aeroplane. The methods are 
suitable for obtaining either rapid preliminary estimates, or more accurate 
predictions when sufficiently detailed information is available. The 
change in performance and stability caused by small alterations in the 
constants of the machine is also calculated, the analysis being based on the 
method of prediction previously developed. 


In Part I, the time of climb to any height and the maximum height 
attainable are specially considered. 


In Part II, the maximum speed of level flight at any height is examined. 

In Part III, approximate formule for the period of the phugoid oscillation 
are developed. 

Numerical examples of all the formule used are given for the case of a 
B.E.2e machine. 

An Appendix, giving some details of approximations to the height density 
gradient, is added. 


PART I. CLIMBS. 
1. Assumptions. 


Let p = density at height / feet, per cent. of standard. 
V = true airspeed in m.p.h. 
V, = indicated airspeed in m.p.h. 
B = B.H.P. at N engine revolutions per minute. 
7 = airscrew efficiency. 
r = head resistance at 100 m.p.h. 


It will be assumed that the airspeed V, and the engine revs. 
N remain constant during the climb. Also the standard density 
is assumed to be related to the height by the equation 


e* =c — bh (See Appendix) 
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; 
1. 8 59 . . 
Writing p = eo N o 2, and regarding the curve of airscrew 


efficiency against V/N as a straight line for the range used in 
climbing, it follows that 


d 
7 =o + (P = Po) 
= oil ape gh ney 
where € _ Pod 
No Ap 


and y,, p, are the values corresponding to the standard density 
of 0:00237 slugs per cubic foot. 


It follows that if Z is the T.H.P. for this standard density, 
then at height 4 the T.H.P. will be 


Zot? {1 2 (e7? — 1} 


since engine tests indicate that the variation of brake horse-powor 
with density is approximately as p17. 


It has been found by inspection of a number of airscrew 
efficiency curves that the quantity « is only subject to small 
variations and has a mean value of 0°5. 


In the calculation of r, allowance should be made for a slip- 

stream appropriate to climbing. The variation of the slipstream 
during the climb will be ignored. 
W dh 
550 ° dt 
where ¢ is measured in seconds, and the equation of energy gives, 
therefore, 


W dh d Vif K ny) 
ee Es Ga WS z —i Ar RD ~~ a pir PW a 
Fat) Pies ae A ene bea Tiilhy Kamauati cl | 


t 


2. Hquations——The horse-power used in climbing is 


which becomes 


ay ae ane aT? (1 —¢) ptt + € 9% 


550 V0 TE { Ky re 2 rd 
| 375 W Bilicelat hors boil | 
Now write, | 
NG K, 2 a pars H incl 


and the equation becomes, 


d b 550Z 
a Ss {a — ¢) p%1—4 4 9 16-4 _ yp 05-4 LAT) 
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In the expression for « or H the term W a is the wing drag. 
ois t 


K, is the “ effective ”’ lift coefficient determined by the equation, 
W = 0-0051 K,AV22 
while K, is tho drag coefficient corresponding to the true lft 


coefficient of the wings. For further details concerning the 
effective lift co-efficient see Part IIT of this report. 


3. Maximum possible Height—Equation (1) gives at once the 
greatest height to which the aeroplane can climb. Putting a 


equal to zero the equation gives 
a = epl-! + (1 — €) pl? 

The value of Z/H necessary to reach any height can be obtained 
for different values of the airscrew constant <«. It was found 
that the variation of « was small and unimportant. The results 
are given, therefore, only for the case of « = 0-5 (Fig. 1). 

For the density used in this work see Appendix to this report. 

4. Time to any Height.—By integration, equation (1) gives 
the time to climb to any definite height. 


Os oa Vi [-- do ' 
pias —____ ee oe min. 
5°33000Z), pt tee Clie) ia 0 em rei pe Dan ree 

It was found that the values 
a= 0:30 
b=04 x 10-8 
Gi== 11-0078 


gave a very close representation of the standard density curve 
up to 10,000 feet, and quite a fair representation above this 
height. These values were, therefore, adopted for the evaluation 
of the integral. 


For the purpose of calculation this expression is written as 


W 
and ¢ was evaluated by expanding the integral in ascending powers 


of (1 — pe), which may be regarded as a small quantity; for a 
definite value of p, dis a function of « and «. 


Numerical values were calculated for the case of « = 0°5 and are 
exhibited in Fig. 2. Any deviation from this value is of small 
effect and can be dealt with in the method developed below. By 
means of the diagram (Fig. 2) it is possible to predict the climb 
of an aeroplane very rapidly and if care is taken in determining 
the head resistance r and the thrust horse-power Z, it is found that 
the predictions agree well with the standard performances.* 


* This of course implies the use of the full scale K,, K, curves for the wing 
section. See R. and M. 321. 
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5. Effect of Small Changes of Design.—It is next proposed to 
examine the effect of a smail change of design or of speed on the 
time to reach a definite height. The fundamental equations are, 


W 
=7¢ 


W =0-0051 K,AV,? 


— Hos = WwW WG KG 
7 AW wlan, K, 
where 
ay 
KY, =Ki+Kandk, =— 4 


For the small increments we have, therefore, 


AV ae ee TAS 
ene oo Wi A be 


Aa AW iV AZ AK? ; INKS 
Ng Be AVE V. WT taka oven) iS 
where 
; Keema 
cee Ki Sarde 


We may also write, 


ae Cea 


_ where X and Y are functions of p, « and «. 
On reduction the expression for A ¢ becomes, 


At AW a a Aw ee Ki « 
EM) 2 lege eerie @ Leen So ee eee eX 
; Ww (1 — p'X) — (1 + X),— an (u. K’) 


Also since Z = 7 B we can write 


AZ AB ,dBAN, Ay AV, 4 
ZAERO IN EB Hy 45(5 
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and the complete expression becomes 


At ey A AL ugk Aires, Ish 
ae, (1 + po X) — > ( a Gen amc 
a Ay AN (N dB 

Wear er a ke (2) 


The values of X and Y have been calculated for a climb to 
10,000 feet (9 = 0°740) when e has the value of 0°5, and are given 
in Fig. 3. 


6. Numerical Values for a B.H.2e Machine.—Typical values 
for a B.E.2e machine with R.A.F.14 wing section and 
R.A.F. lb. engine are i 


W = 2100, V; = 53,N ==1575, Beene 


The slipstream factor is then 2°3, and the values of the other 
constants become 


A = 378, r = 425, = 71°5 %, « = 0°48 
Effective K,; = 0°388, K, = 0°400, K = 0°0343 
Zi O15 <7 104-= 7455 


0:0343 : 
H= 5 oe (2100 X G.ga5 + 00425 X 53?) = 43 
os =282 , _ G3 


Fig. 1 then shows that the maximum height attainable is 
12.000 feet. For the climb we obtain the values 


h = 3,500 6,000 10,000 
b == 0275 0°520 1:09 
$= 7:8 14°7 31 


In the above the value of « = 0°50. The correction to the 
true value according to the above analysis is 


LS Ry 
t Ss 
Ait = 73 ee 00054 xa = 0'07 minutes. 


The percentage change in the time to 10,000 feet due to 1 per 
cent. change in each of the other variables is given in the table 
below. The values of the subsidiary variables are :— 


X = 215, Y = 0-055, wp’ = 1-08, K, = 0-022 
and equation (2) then gives the required values. 


581 


Variable W A r B 
Percentage change in t 3°3 Shears (018 a4 3:2 
Variable ..-:..- N 7 Vi, € 
Percentage changeiné —1‘4 —32 +02 —006 


It is evident from these values that no appreciable error is 
introduced by taking « as 0°5 in a preliminary estimate. The 
quantities whose increments have most effect in changing ¢ 
are the weight, horse-power and airscrew efficiency. The equal 
effect of the weight and horse-power is due to the value of py’ which 
is almost unity in the case considered. It appears also that a 
better climb would be obtained for a slower speed. This effect 
would be reversed for a larger value of Z/H which would diminish 
X and change the sign of this term. 


PART Il. LEVEL FLIGHTS. 


1, Hguations.—The equations which determine the speed of 
level flight of an aeroplane at any height are: 


375 Lott = v(w +rvVi2 10-") 
L 


W = 0°0051 K, AV,’ 
ZB y) 


where the quantities involved are as defined in Part I. It is 
to be noted that K, is again the effective lift coefficient and that 
the resistance r will differ from its value on a climb owing to the 
change of the slipstream factor. 


2. Method of Solution—A graphical method of solution has 
been developed by means of subsidiary variables 2, y, 2, such that, 


ea Wa Kia WK, 
375 pt Sy = z=V,+4+2V,? 107-4 


These quantities are plotted in the main diagram of Fig. 4, 
the four quarters of which may be conveniently named NE, NW, 
SW, SE. In the quarters SE and SW wand y are plotted against 
K,/Kgq for various values of r/W and W/Z respectively. In. 
the quarters NE and NW they are plotted against z for various 
values of V, and of the height. ‘The relation between the density 
e and the height is taken from standard density curve (Fig. 5.) 


In the smaller diagrams of Vig. 4 are given curves connecting 
K, and V, for integral values of the loading W/A, and curves of 
K,/K, against K, for the wing sections R.A.F. 14 and R.A.F. 
15, derived from full scale experiments on B.E.2c and B.E.2e 
machines. 
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Starting with the value of K,;/K, corresponding to a probable 
value of the lift coefficient K,, the diagrams SE and SW serve to 
determine x and y. By means of NW the quantity z is next 
determined and the indicated airspeed V, is then obtained from 
the fourth diagram NE. This value must be checked by means 
of the subsidiary diagrams. If the value of K,/K, determined 
from the value V, does not agree with the value assumed at first, 
a second approximation should be carried out in the same way as 
before. The true airspeed is obtained immediately from the 
indicated airspeed V, by multiplying by the factor p—?. 


3. Effect of Small Changes of Design.—For small increments 
to the quantities involved, we have the equations 


DN) ee ee 


Ko Wi eee 

Ae) Ome ayy: , __K, dK, 
Ta RWS BE) a ice rca 
Ay AZ AW AK, 


AZ, “AB eed Bia N eA NV a ALN 

7 eeee: aK dN B “7 7 +e ( Veg T) 

Agee Aw V3 10S SAW Fle sec, L025) 
It follows that, 


Pu SE = SE(1 Ye) 4 She (a 2 Be) 


y z x z Vy 
and so on reduction 
AW Ve ARB ANS Ne Ay 
Aye G8 od moe + a (B aoe 
DiW oan Pies Vee Ar 1 V, 
Wik er ee Ave petra te tee pee, 


It is important to note that it is no longer possible to give e 
the mean value of 0-5. It will be found that « varies considerably 
with the speed and with the airscrew employed. The equation. 
also deals only with the change of speed at a definite height. 


4. Numerical values for a B.H.2c. Machine-——The values for 


level flight at 10,000 ft. corresponding to those used for the climb. 
are, 


Wi 2 100M ebeNe= 1700uee ened © 
and as the slipstream factor is about 1:55 we also have 
Ai 236812 i= 319 
The efficiency will ke about 85 per cent. and then, 


Weasnatcr. Te Wits! sce 
A = 57 ) w — 07152 ’ | . 


? 
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The solution obtained by the method described above is, 
Effective K, =.0:206 , K,=0218" > K,=00125 , 
te OU Vac ea LOS. f, 
Wor "( 3415 aiehey Vga 50 
The percentage change in speed due to 1 per cent. change in 


each of the other variables is given by means of the subsidiary 
variables, 


a 20 eet 10-39 28 ue — 0-437 
Variable. B N. 7 
Percentage change in V_ 0°68 0:26 0:68 
Variable. W A " 
Percentage change in V — 0°38 0-09 — 0°38 


The most important terms are, of course, the horse-power 
and airscrew efficiency, while variation in the weight and head 
resistance also give a noticeable effect on the specd obtained. 


PART III. LONGITUDINAL STABILITY. 


1. WNotation—The symbols used in this investigation are 
defined as follows :— 
V = True airspeed of machine in miles per hour. 
W = Total weight of machine. 


*h,k = Centre of gravity coefficients (measured respectively 
along and normal to the mean chord). 


* 5 = Length of mean chord. 
+ 1 = Distance of centre of pressure of tail from centre of 
gravity. 

A = Total wing area. 

A’ = Total tail area. 
tp = Slipstream factor for wings. 

p’ = Slipstream factor for tail. 

e = Angle of downwash relative to wind. 


* See Appendix I, Advisory Committee Report, R. & M. 326. 


t+ The centre of pressure of the tail is taken, for all angles of incidence, 
at a. distance back from the leading edge equal to one-third of the chord, 


t If nA is area of surface in slipstream of velocity V + -v, then 


one So 
pr= t+ aa ee) 


ca 
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K, = Lift coefficient. 

K, = Normal force coefficient. 

K, = Longitudinal force coefficient. 
K,, = Moment coefficient. 
*K’, = Nominal lift coefficient of tail with elevators loose. 

EK = Factor by which actual lift of tail differs from that 
found by using K’,, at the same angle oi the relative 
wind. 

= Angle of incidence of wings. 
= Angle of incidence of tail to relative wind at tail. 
o = % density, the standard being 0:00237 slugs /ft.3. 


2. Hquations of Equlibrium.—The conditions of equilibrium 
of straight symmetrical flight, which is the motion specially 
considered in predictions of longitudinal stability, are :— 

(1) Total pitching moment zero. 

(2) Total lift = weight. | 
Neglecting the total pitching moment due to other parts of the 
machine except wings and tail, we get from (1) that the tail lift 

must be such as to balance the wing moment, @.¢. :— 
Ete 1 
Tail lift = = 7 (Km + AK, + kK,) 0-0051 bo AV*p? 

Now neglecting in the same way. the lift of the subsidiary parts 

of the machir ic, condition (2) gives us : 
W = wing i + tail lit 


ae ik +3 Aye hie ; 0:0051 p AV2p? 


W 
0 x 0:0051 AV 2p? 
efficient, and is es to the true lift co-efficient of the wings 
by the equation 


“es b 
K, ay K, ac 1 Pisa + hK, a kK). 


of wings. 


is called the effective lift co- 


"he quantity - 


For ordinary flight positions the tail is usually lifting negatively ; 
hence the true lift coefficient is greater than the effective lift 
coefficient. 


3. Period of Phugoid Oscillation—A good approximate solu- 


tion of the stability biquadratic eae for. the long period oscilla- 
tion the formula 


avis 


U | as Tj wy. seconds (U in ft. per second). 
Mu (See R. and M. No. 77.) 

and in our notation this becomes :— 
Zy» M, § 

by 2 
p = 0'202 v,/1 aks SCS ae sates ‘ 


Ww 


§ This is an estimate based on model experiments on T.P. 4 with 40 per 
cent. elevators and corrected when necessary for other proportions of eleva- 
AOL, 
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The closeness of this approximation is satisfactory at all but 
the extreme points of the ordinary speed range. At low speeds 
the formula gives too long a period, and at high speeds too short 
a period. 

The expressions in use for the resistance derivatives are as 
follows :— 


* 
due to wings = — Pole Ap?b oe es ae ) V 
a anim eaae aK de 
| au total 7, w oe A’p p'? la (1-4) BY 
6°42 dK, 
eg Uy | seat 
[ auc to wings = w ° Ap 10 Vv 
fie 7 
| due to tail = — F, (M,, due to tail) 
l 
due total = — ———y xXx (M,, due to tail) 
M, - — dé 
| Total Ss : x (M, due to tail.) 


In these formule the value of e must be determined from 
experiments with the propeller running. The more or less em- 
pirical expression for the total M, is based on an N.P.L. experi- 
ment on a model B.H.2c with and without tail. The inaccuracy 
of the formula is sometimes expressed by the introduction of a 
correcting factor N. (See Advisory Committee Report R. & M. 326) 
Now write 


W 
dK’, de 
nats ark a Ha — 8) ASS |i 
us CS: rae A OAGoy, MIS We, 2 Say. 
d0 
7-285. BES “Ek (0 fe) 
Q= ik AEA papas dO 
| * dis; 
a0 


where the last term in Q, which corresponds to the rate of change 
of tail lift with incidence, is usually so small as to be negligible, 


2 80 
* 6°42 is the value of 0°00237 x = x ae X g 


B382838 xX 
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Then the period P may be written :— 
P = 0202 V Vf 1 + 9 Q seconds. 


Conditions Affecting Stability—From the equations developed 
in § 3 it is at once evident that the essential condition for 
longitudinal stability is that the term m shall be positive. This 
represents the dynamical condition that the rate of increase of 
the pitching moment due to the combined effect of wings and. tail 
must be such that a restoring couple is produced. The magnitude 
ofthe quantity mQ and the speed of the aeroplane affect the period 
of oscillation, but cannot cause instability. 


Returning to the term m, it is desirable that the first part m, 
shall be as large as is conveniently possible. This term is increased 
by :— | 

(1) An increase in the ratio of tail area to wing area. 

(2) An increase in the ratio of length of machine to wing chord. 

(3) A decrease in the ratio of change of downwash. 


(4) An increase in the factor oat : e€g. by fixing the elevators. 


(5) A decrease in the factor sa : 2.e. by using a wing section 


with slower increase of lift coefficient with angle of incidence. 


All these factors, except the first, are in general determined 
by considerations other than those of stability, and it remains to 
adjust suitably the tail area. 


a 
It is equally possible to affect the stability of the aeroplane 
by reducing the term m,. This implies moving the centre of 
gravity forwards, or the choice of a wing section with a slow 
movement of the centre of pressure. 


The effect of the height at which the aeroplane is flying is best 
seen by writing the period equation in the form 


P =0-202V,9-?V1 + pQ 


So long as the aeroplane flies at a constant indicated airspeed, 
Q will remain unaltered, and the period will vary as the term 


Ae + Q. The period will therefore increase with height. 


5. Effect of Small Changes of Design.—In this section it is 
proposed to consider the effect of small changes in the constants 
of the aeroplane, but it will be assumed that no change is made in 
the wing section or in the ratio of elevators to fixed tail plane. 
The angle of incidence will be assumed constant, the speed being 
adjusted according to the loading of the aeroplane. 
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The equations used to predict the period of longitudinal oscil- 
lation are :— 
W = 0-0051 K, 9 AV? 
P=0202V-/1+ 4 


das dK’, 
mQ = 7:285a RE 16 


ar (1 5) E Sa 
ft i me ie he dK, | 
MO Rape hy dK, PA a dart dK, | 
d0 


= Mm, — M, (say) 
and so for small increments in the quantities involved, 
ENV ee NEVY age 
Ve ORV nA « 


neglecting any possible change in the C.G. coefficient k as small 
and unimportant. 
Also for the subsidiary quantities a, r, R, we have 
Da ACA eA A 


Ci Lae 
Ar Al Ab 
Sime N ch id, 
AR ES ANE AW AA 
Picahian is Wiel) Gal Wace A 


On eliminating the various subsidiary variables we derive :— 


m 


i 
eee (ata) 


which may also be expressed in the alternative form :— 


AP 1 ae Poa AA eQ Ak 


m Aub AL a Wark ir anvAd 
HF pa(m—1)( ee mre 
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Either of these equations may be used to determine the change 
in period due to small arbitrary changes in the constants of the 
aeroplane. It should be noted that these expressions give the 
change in period at a constant angle of incidence. As it is cus- 
tomary to connect period of oscillation with speed, it is also 
necessary to calculate the change in speed due to the change in 
loading. Curves of period against speed can then be drawn to 
obtain the change in period at a definite speed. 


One case of special interest arises when all the dimensions of 
a machine are increased in the same ratio (1+A:1). The 
weight will increase approximately as the square of this ratio 
and it follows at once that 


AP_1, °® 
Pe 2 gl eons 
This equation shows that the period will increase with the size 


of the aeroplane. The maximum percentage increase in the 
period occurs for a machine verging on instability. Q is then 


large and —> Fr. 


6. Numerical Values for a B.H.2e Machine——The values of 
the constants involved may be taken to be :— 


W = 57, b= 032, k= 038, =075 , a = 0163 , 
r= 3:08) R= 18:0058 
dK, o.o99 Gad Oho ce ae 
a = 9082, Sa! = 0-0228 , 7 0-50 , 


and it follows that 
PT) AUS et yee OL Le 


The solution for ground level and 10,000 feet is given in the 
table below. The wing section is taken as R.A.F, 14. 


Period in Seconds. 
K, hs m QO — 
ee At Ground, | At 10,000 ft. 
0-15 864 | 0-023 oe 52 53 
0:20 75 0-076 2:33 27°6 | 284 
0:30 61 0-123 1°44 19-2 | 20°6 


For the effect of small changes of design only the mean case for 
a speed of 75 m.p.h. will be considered. The conditions will be 
taken to be those at the ground, so that p = 1:0. The results 
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obtained from equation (2) of §5 are given below for 1% 
change in each of the variables involved :— 
Variable. Ww A A’ b l 
Percentage changein P. 0°15 0°10 —0°25 0:25 0°10 
The percentage change in P due to an increase 0-‘0lintheC.G. 
coefficient his 4:6 and it is at once evident that the position of 


the centre of gravity and the area of the tail plane are the factors 
of greatest importance in determining the period. 
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APPENDIX. 


The Variation of Density with Height. 


1. In all predictions of aeroplane performance an assumption as to the 
nature of the fall of air density with height has to be made. The density 
at any point can be determined immediately barometer and thermometer 
readings are taken, and the Meteorological Office has supplied the results 
of a long series of observations of temperature and pressure up to a maximum 
height of about 20,000 feet. This has led to the construction of a standard 
density curve, the standard density at a given height being the mean value 
of p calculated from a series of observations at that height.* 


It has been usual to refer all air forces in model experiments to a density 
of 0:00237 slugs /ft®. All airspeed indicators are graduated to correspond 
with this density also. The meteorological results indicated that the true 
mean value at ground level is somewhat larger than this. The correcting 
factor 1°026, which occurs as one limit of the integral used in part I of this 
report to determine the time to a given height, was thus introduced in con- 
junction with the standardised 0:00237 The density at 10,000 feet is 
74 per cent. of 0:00237. 


2. The standard density curve is used directly for predictions of :— 
(a) Maximum height for a given airspeed. 
(>) Maximum speed at a given height. 


All that is necessary in these cases is to read off the curve at the height 
required. 


On the other hand the integration which is involved in finding the time of 
climb to a given height cannot be effected until the approximate equation 
for the density-height curve is found. 


If p = pressure in lbs. /ft.?. 
o = density in Ibs. /ft.® 
@ = temperature in absolute centigrade units. 
h = height above ground level, 
then we have, 


p=Ro 6... . (1) where R is a physical constant. 
anddp=—odh.. . . (2) 
If now we assume a linear temperature fall 
6 = 0,7 ah ay 3) 


The elimination of and @ between these three equations leads to a 
result of the form, 


(2) —1—eh pa a} 


(é) 
where 6 and c are functions of a. 


Now it was found that the temperature fall with height as observed, did 
in fact approximate fairly closely to a linear law. It was, therefore assumed 
in accordance with (4) that, ! 


(roa) = (=) = mete 


* This standard is now in use at the Testing Squadron R.F.C. Martlesham, 
and also, it is believed, in the R.N.A.S. 
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the constants b and ¢ being so determined as to give coincidence with the 
mean density curve at 6,000 feet and 10,000 feet. The values of the 
constants become, 

| Pei SU, 6 == 92 Ci 10S 

This approximation to the standard curve is extremely close up to 10,000 
feet, the consequent errors in prediction being well within the limits of other 
errors. It is used up to 15,000 feet, the error increasing with height. 

3. The standard density curve stops at 20,000 feet. For the sake of 
completeness the curve has been continued beyond this to 30,000 feet by 
means of an assumption similar to (5). A linear temperature fall of 1°8°C. 
per 1,000 feet is assumed in this region, and the curve is made continuous 
with the standard density curve at = 20,000. This serves to determine 
the constants The extension so obtained is used only for the prediction 
of maximum heights, which are at the best only very rough estimates, being 
very sensitive to small changes in engine power, etc. Hence an error in 
the density curve will not be of serious consequence. 
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NOTES ON THE PREDICTION AND ANALYSIS OF 
AEROPLANE PERFORMANCE. 


By L. Barrstow, C.B.E., F.R.S., and Lieut. J. D. Coatzs, D.Sc. 


Communicated by the Technical Department, 
Department of Aircraft Production. 


Reports and Memoranda, No. 474. May, 1918. 


SUMMARY.—(a) Introductory. (Reasons for Inquivy.}—The present 
investigation was undertaken with a view to obtaining a more rapid and 
accurate method of estimating aeroplane performance. 


(b) Range of the Investigation.—A generalisation has been obtained for 
airscrew performance which expresses the thrust and torque of all airscrews 
in terms of two curves which are common to all, together with three 
constants which are characteristic of an individual airscrew. The common 
curves and their origin are dealt with in an Appendix by Miss Betts, B.Sc. 


The only other fundamental change of method is in regard to the 
treatment of airscrew slipstream effects. By the introduction of slightly 
fictitious values for airscrew efficiency and aeroplane resistance the analysis 
is greatly simplified. In prediction there is no need to use these fictitious 
values if sufficient data are available. It appears that the difference 
between the fictitious values and the real ones is less than differences due 
to errors of observation but that further refinements can be made when 
needed. 


(c) Results —The greater part of these notes relates to examples. In 
the first of these a complete prediction of aeroplane performance is made 
in order to show how the details of engine revolutions, forward speed and 
rate of climb of aeroplane may be calculated without excessive labour. 
A comparison of the results with trial observations shows very clearly the 
general correspondence. 

The second example reverses the process in the analysis of performance 
trials at Martlesham Heath. The records were unusually complete and 
suitable for analysis. It was found to be possible to deduce (1) the 
variation of engine power with height, (2) the efficiency of the airscrew, 
and (3) the resistance of the aeroplane. 

A third example deals with a modification of the analysis which will 
sometimes cope successfully with less complete data. 


(d) Applications and further developbments.—Applications are being 
proceeded with, and the experience gained already warrants the statement 
that the results of the analysis are sufficiently accurate to be of direct 
value in improving aeroplanes. It is expected that appreciable improve- 
ment in analysis will occur in the course of time and with the advent of 
tests which will give the method its best opportunities. 


Introducticon—In. estimating the various items of importance 
in the design of an aeroplane as they effect the achieved per- 
formance, it is convenient to consider an aeroplane under four 
main heads. The first main head consists of the estimation of 
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the resistance of the aeroplane as a glider without airscrew, and 
at the present time this estimation is built up almost wholly 
from experiments on models. The second main head deals with 
the estimation of airscrew characteristics, and this, again, is 
usually calculated from model experiments, with but cursory 
reference to any mutual effects between the aeroplane and the 
airscrew. The third main item is the variation of engine power 
with revolutions; whilst the fourth is the variation of engine 
power with variation of height. In connecting these four quan- 
tities with each other in the prediction of the performance of an 
aeroplane the first two, which deal with the aeroplane resistance 
and the airscrew characteristics, cannot be considered as wholly 
independent in a high speed Scout. The resistance of the parts 
of the aeroplane in the slip stream of the airscrew may be increased 
three or more times during a climb. 


With the information at our disposal, calculations of very 
great accuracy are not possible, and in many cases various 
assumptions from general experience have been made in order 
to bridge gaps in the experimental data. The present notes are 
an attempt to outline a scheme of prediction and analysis with 
indications as to the best methods to be adopted with varying 
degrees of accuracy in the data to be analysed. 


Outline of the Method.—The chief new feature in the analysis 
of the performance of aeroplanes is the introduction of empirical 
formule for the airscrew characteristics in such a form that 
individual characteristics in any one combination of aeroplane 
and airscrew can be taken account of by three constants to be 
determined during the analysis. It has been found by trial of all 
the airscrew results available that the curves relating the thrust 
and torque to the advance per revolution can be brought into 
fair agreement if the results are expressed as functions of the ratio 
of advance per revolution to the experimental mean, pitch, the 
latter being defined as the advance per revolution at which the 
thrust is zero. This experimental mean pitch constitutes one of 
the three constants just referred to. The other constants are 
such that on multiplying the thrust and torque coefficients by 
them, the values obtained are equal to unity when the advance 
per revolution is equal to half the mean pitch. The constants 
will be referred to by the letters P, for experimental mean pitch, 
K,, for the factor which makes the thrust coefficient unity when 
V /nP =, and K,, for the factor which makes the torque 
coefficient equal to unity when V/nP is one-half. The thrust 
and torque coefficients used throughout are defined by the 
expressions 

__ Thrust 
Secret) 
Torque 


(1) 
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where o,, is the mass density of the air* in slugs fo) per cubic 


foot, n the revolutions of the airscrew per second and D the 
diameter of the propeller in feet, and the resulting equations for 
airscrew performance in terms of the three constants are as below, 


EAA ER S| 
K,Q.=2(,>)  —b772 ae) ahh LaMaXt 


For the purpose of analysis the values of P and K, are 
determined from experiments in flight near the ground during 
which advance per revolution is measured and from the H.P. » 
which has been measured at atmospheric pressure on the test bed. | 
The value of K,is more difficult to obtain from such experiments 
as have been made up to the present and special arrangements 
are being undertaken for the purpose of more accurate deter- 
mination in the future. The most suitable experiments for this 
purpose are the determination of the advance per revolution of 
the airscrew during full climb and during level flight with the 
engine throttled down so as to give the same speed as for climbing. 


The method of dealing with the slip-stream is based on 
experiments at the National Physical Laboratory, where model 
airscrews have been run in combination with model bodies and 
the mutual effects on each other have been carefully measured 
in a number of cases. Generally speaking, the effect of the 
presence of a body is to increase the experimental mean pitch 
of the airscrew, and to increase its efficiency, whilst on the other 
hand, the effect of the airscrew on the body is to increase appre- 
ciably its resistance. Calculations by A. Fage have shown that 
with an error of the order of 5 per cent. it is possible to treat 
the airscrew and body combination as though the parts were 
operating separately. Although this assumption is convenient, 
and is useful in interpreting the result of analysis, it is not neces- 
sary to follow it in complete detail. The result of the analysis 
how proposed is to give somewhat fictitious values both to the 
airscrew efficiency and to the resistance of the aeroplane which 
will probably give correct comparisons between all aeroplanes of 
the same class. Within the limits of accuracy indicated in 
Mr. Fage’s statement, the efficiency of the airscrew which is 
deduced and the resistance of the aeroplane both correspond with 
observations made on the parts separately. 


* In the standard atmosphere o,, = 0-00237 x pe, where ep = density 
relative to actual density (0-:00237) of air at 29-92 inches of mercury and 
15° Centigrade. 

+ After reference to National Physical Laboratory a new formula for 
IX ,Q, has been found which is based on a weighted mean of the observations 
(see Appendix) and has a wider range on V /nP. In order to avoid recalcula- 
tion, equation (3) has been kept for the purposes of this report. It does 
not differ greatly from the new formula over the range for which it has 
been used, 
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The following more detailed statement will make the assump- 
tions clear, and indications can be given at various stages of the 
degree of accuracy which may be expected. 


If T be the thrust, v the rate of climb, V the forward speed, 


R the resistance and W the weight of an aeroplane, then j 


T=R+Wy . fee AIT RTE 


The resistance R depends appreciably on the slip stream of the 
airscrew, but that fraction of it which arises from parts of the 
aeroplane in the airscrew slip-stream is not greatly affected by 
variations of the angle of incidence of the whole machine. It 
may be taken that the total resistance in the absence of slip- 
stream may be expressed in the form 

R,, that is, the part of the resistance which arises from the wings, 
struts, and generally the parts not in the slip-stream, is appreciably 


dependent on the angle of incidence and is essentially related to 
the lift coefficient L,. 


From all experiments in the wind channel at the National 
Physical Laboratory it appears that the resistance of parts in 
the slip-stream can be expressed as 


Lie pyro 
pe ap tap) Per i“ 5 ' (6) 


k, is usually less than unity apparently because of the shielding 
of the body by the airscrew. On the whole it may be expected 
that k&, will not differ by more than 10 per cent. from unity and 
will be nearly the same for all tractor aeroplanes. Using this 
expression for the total resistance, equation (4) becomes 


{ Me yit4 | v 
T=R,+Rdit+h(5) TE +Wy . 
Divide through by pAV? and (7) becomes after rearrangement 


V ye D2 
65) {a — he} = Oi thO they (6) 


WP: ah 
The multiplying factor of a Ge) in equation (8) is independent 
of the angle of incidence to the extent mentioned above, and it is 
convenient to introduce an overall thrust co-efficient defined by 


A 5 
d Moms {1 — Pp t(D.) . ty 
The curve representing this overall thrust coefficient as a function 
of advance per revolution differs only from that of the airscrew 
alone in the scale of its ordinates, and the use of it in (8) leads to 
D? ( V 


ane v 
Tea(gp) —~@dethDi+L — - 0) 
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and eliminates the necessity for any consideration of slip-stream 
effects during preliminary analysis. If k&, were strictly unity, 
the drag deduced from equation (10) would be the wind channel 
drag in the absence of airscrew. As the drag coefficient of the 
parts of the aeroplane in the slip-stream can be estimated with © 
fair accuracy, and as k, is nearly equal to unity, a correction 
towards the simple wind channel resistance can be made if desired. 
The accuracy of reduction of present day experiments does not 
appear to require this refinement. Similarly, if the real thrust 
coefficient of the airscrew is required, an estimate must be made 
of the value of k,, as well as of the resistance of the parts in the 
slip-stream, and the evidence as to the value of k, is not very 
great in the case of most aeroplanes. The equation for forces 
which corresponds with equation (10) is 


TY =D'+Wy. x Aah or ERMAN 


where T’ and D’ may be provisionally regarded as the thrust of the 
airscrew and the drag of aeroplane estimated separately. It is 
now possible to use equation (11) to obtain the relation between 
the difference of the thrusts of the airscrew when climbing at two 
different rates and the weight of the aeroplane, its speed of flight, 
and the difference of the rates of climb, if the airspeed in the 
two cases be made the same. The condition of constant airspeed 
is the only condition remaining which is necessary in order to 
ensure that the drag of the aeroplane is the same for the two 
experiments. It can, therefore, be eliminated by subtraction. 
The difference equation required is 

(Pig aul ota bi (v; — V2) with the condition pV? = constant (12) 


Accuracy depends on having Mi (v,; — v,) large compared with 
D’, and this condition will be obtained if the full climb near the 
ground is taken for one observation and an experiment with 
throttled engine near the ground for the second. one. 


To find K, and P resort is had to experiments near the ground 
with engine all out. Under these circumstances the engine power 
at measured revolutions is known from experiments on the test 
bed, and the advance. per revolution of the airscrew is observed 
in flight. The torque coefficient of the airscrew is immediately 
deducible from the test bed figures and the observed revolutions, 
and if further accuracy in fixing the shape of the curve were 
necessary than is involved in the use of the empirical formula 
of the airscrew, such accuracy can be obtained from observations 
near the ground in which the full climb was not attained. It is 
unlikely that in the standard performance experiments on 
aeroplanes, the necessary range of observation will be available 
for analysis, and resort must be had to the empirical formule 
for airscrews. 
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It will be seen that equation (3) and the observations just 
referred to suffice to determine P and K, and that equation (2) 
used in conjunction with a value of P previously found and the 
difference equation (12) then leads to the determination of K,. 


Details of the use of the theory for prediction.—Before using the 
formule analytically, calculations will be made on assumed data 
to show how they may be applied to estimate the details of 
prediction. 


Data required.—(1) The drag coefficient D, as a function 
of the lift coefficient L, of the aeroplane, not pncluding the 
effects of slip-stream. 


(2) The values of the thrust and torque coefficients of 
the airscrew as dependent on V /nP and a knowledge of the 
value of P. 


(3) The brake horse-power of the engine as dependent on 
revolutions at standard density and temperature, 


(4) ‘The variation of engine power with height. <A stan- 
dard atmosphere is always assumed in prediction and 
observations in flight are reduced to such standard atmo- 
sphere for the purposes of comparison. 


The data are represented in Figs. 1, 2, 3, 4 attached and 
correspond in general characteristics with a high speed modern 
aeroplane. They do not represent any actual aeroplane. 

The b.h.p. of the engine under standard conditions will be 
denoted by (Std. b.h.p.) whilst the variation with height will be 
f(e). 

At any standard height where the density is e the brake horse- 
power is given by 

(b.bip) a= (e)tstdsb.h.p.py : 4r GLa) 

Generally, from the ordinary definition of torque coefficient 

2Ten 


bib-pa = gop Qeen®D*® 
550 
or Qe = 5s (Std. b-h. p) Ee i ehee baaal§ 


A form of general convenience is 
Q. __ 550: Std. b.h.p. 
i (oie 2) eons ey 
It will be noticed from (14a) that the value of Q, /f(o) is not 
dependent on the aerodynamic properties of the aeroplane. 


. (14a) 


Using equation (3) for the airscrew torque leads to 


of VIX OFT» Ve\ Aen BOOK: eke b.h.p. 
oe — 1-772( —. | = — —— . 
2(p) ed (ap) = IxD> Fe) On G2) 


as an immediate deduction from (14). 


598 


Equation (15) is one of the standard equations of the new 
analysis. In terms of the quantities given in Figs. 1-4 it is a simple 
calculation to find the relation between the speed of an aeroplane 
and the engine revolutions at any height if the engine is “‘ all out.” 


If the empirical formula of equation (3) be not used, but a 
curve for Q, is obtained in other ways equation (14) may be used 
directly instead of (15). 


A second standard equation is obtained from (10) which is 


ppd? ENON? irene v 
eo) =a Diaries cee ne ema 


and becomes after use of equation (2) 


Bo (3) th (Goma 


or after rearranging terms 


VeNG 3A. 2 
ys 


ing os: PN “at calls res 


As in the case of the use of equations for torque a choice may 
be made between equations (16) and (17) according to whether 
the thrust coefficient is known independently of K, or whether 
this restriction must be allowed in order to examine results 
otherwise intractable. 


It is possible to eliminate V /nP between equations (15) and 
(17) but there are no advantages to be gained by so doing. So 
far, it has been found that equations (15) and (17) are most 
conveniently used in the form given. 


Details of the calculations of performance in the particular case 
cited—In addition to the curves in Figs. 1-4 the following are 
needed :— 


Total weight of aeroplane ... 1,900 lbs. 


Loading om ae Sag i LOS. (Debest ales 
Area, 272 sq. ft. 

Propeller diameter ... _—-...._-—«8-75 feet. 

Experimental mean pitch ... 10 feet. 


Equation (14) becomes 

| Std. b.h.p. f(o0) 
Ginnie foe hfe) 

where o is the relative density, and is equal to unity at a height of 

800 feet in a standard atmosphere. 


(), = 156,000 a) 
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The following table is compiled from Figs. 3 and 4 and equation 
(18) :-— 
TABLE 1. 


Q< 
Std. Std. b.h.p. ENT ACen Smee 
r.p.m. | b.h.p. (r.p.m.)* | 


Ground. | 5,000 ft. | 10,000 ft. | 15,000 ft. |20,000 ft. 


1,400 | 226-0 


8-2 0-01245 | 0-01215 | 0-01175 | 0-01125 | 0-01080 
1,350 | 223-4 | 9-1 

0-0 

1-1 


x 105" 

x 10-8 | 0:01380 | 0:01345 | 0-01305 | 0-01245 | 0-01195 
x 10-8 | 0:01510 | 0-01475 | 0:0145 | 0-01360 | 0-01315 
x 1072 — — — 0:01505 | 0-01460 


1,300 | 220-0 |10- 
1,250 | 216-5 {11 


iu 


From the values of Q, and the curves of Fig. 2 the values of 
V/nP can be read off and the value of V calculated leading to 
Table 2 


TABLE 2. 
Ground. 5,000 ft. | 10,000 ft. 15,000 ft. 20,000 ft. 
lowe piiveee on alY RD Ee 
r.p.m. V ‘ V V V V 
Vv Feet V Feet V Feet V Feet W Feet 
nP per nP per nP per nP per nP per 


sec. sec. sec. sec. sec. 


1,400 | 0-692 | 161-5 | 0-705 | 165 | 0-728 170 | 0-750 | 175 | 0-768 | 179 

1,350 | 0-611 | 137-5 | 0-635 | 143 | 0-660 | 148-5} 0-692 | 156 | Oe7 divest Gled 
1,300 | 0-420 | 91-0 | 0-496 | 107-5} 0-545 | 118 | 0-622 | 135 | 0-652 | 141-5 
1,250; — — —-  — — — | 0-430 | 89-5} 0-520 | 108-5 


Table 2 shows the relation between the engine revolutions 
and the forward speed of airscrew for all altitudes the engine being 
“all out.” The relationship is shown in Fig. 5. The corresponding 
relation between V /nP and et forward speed of the airscrew is 
shown in Fig. 5a. 


The fall of revolutions with height which is observed in level 
flights is deducible from these observations. The whole of the 
data required are shown. below. 


The airscrew curves of Fig. 2 correspond with K, = 9-02 and 
K, = 66-5 and from the data and previous equations the following 
are readily deduced. 


Throughout the theoretical part of the analysis the units used 
have been the foot and second with forces measured in lbs. The 
unit of mass has been taken as that in a body weighing g lbs. 
and. called the slug, thus following one of the standard enginecring 
methods. Common language has, however, other units, speeds of 
flight being in miles per hour, rate of climb in feet per minute and 
revolutions in turns per minute and a saving of labour occurs by 
an early adoption of the common language. 


600 


The equation connecting W with the lift coefficient is 
W =L.pmAV?,/, in standard units 


and leads to 


L W 1 W 1 1 


°10) A) HO ( Viga) ste Or e0-0023 78 (Ve neuen) 


In our instance W /A = 7 and 
1,372 

(Vin.p.n)” 

o?V is often referred to as airspeed, or indicated airspeed. The 


advance per revolution as a fraction of the pitch of the airscrew 
becomes 


yy (19) 


Mi sa Vine es’ Wino one yor .h. 
WD fe Py Papen se Pee eee ay el 


Equation (14) is in standard units 
Oe 550 (Std. b-h.p.) f(e) 
ar heart BEE 0 


Tf standard curves for the airscrew are used it has been found 


1 Vee 
advantageous to use A K .Q, G3 instead of Q, and equation 


(14) becomes 


1 V\-2_ 1, /V\-? 500 (Std. b.h.p.)f(e) 
iX0-( 5) =; 5.55] 2nD5 Hien Sania 


Changing the units and putting in numerical values for K,, P and 
D leads to 

1 Var 

4 K.0.( 55] = 24-35 iby 


Equation (19) being used to eliminate oV* 
For thrust equation (17) is used, 2.¢., 


VEN ae 3 AP? ( v 
site AM a AE Be 
but rearrangement has been made so as to facilitate the calculation 
of V. The convenient variable for use with airscrew curves is 


—2 
Kaeo) and either from (17) and (2) or from (16) the 


Std. b.h.p. 
r.p.m. F(e 


) » (21) 


in terms of L,. 


m.p.h, 


4 nP 
equation in common units is 


Say a 1 Nad 
UFi m Raa ae 0-0961 ks Kit.(p) —p, : (22) 


In level flight when v = 0 
Vv 


1 \-2 
i NE ios i pe AL SE segs 
Zils (3) 0-42 D, (23) 
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If the empirical formule for airscrews be used, the values of 


V 1 Vee 
ap Corresponding to q Kil eo can be read from standard 


—2 
curve (Fig. 14), and the values of : K ,Q, i) calculated from 
n 


curve B, Fig. 144. In other cases it is advantageous to produce 
curves for these quantities from those for K,T, and K_,Q,. 


From the formule above Table 3 is compiled. 
Columns (7) and (8) of Table 3 give a unique curve (PQ, 


Fig. 7) between op? (r.p.m.) and Sask cae ae: f(e) for level flights. 


The relation between the two quantities has been derived wholly 
from the aerodynamics of the aeroplane and will continue to hold 
if the engine be throttled down. To find the top speed a 
graphical method of solving the equations between 0? (r.p.m.) and 


aay Ee ‘f(e) and between the engine horse-power at full throttle 


and revolutions appears to be most direct and the result is shown 
in Fig. 7 together with the figures in Table 4. Table 3, columns. 
1 and 7, shows a unique relation between peV ek and o# < r.p.m. 
which is plotted in Fig. 8. This relation is independent of the 
engine and therefore applies for throttled flights level. 

The last column of Table 4 is obtained from Fig. 8, the inter- 
sections there shown and marked for the appropriate height. 
being determined from the intersections on Fig. 7, the values of 
eo? r.p.m. being the common argument. Fig. 8 is itself plotted 
from the numbers in Table 3 and forms the most direct comparison. 
between any prediction and the corresponding observations in 
level flights. 

Maximum climb.—For various speeds the value of the rate of 
climb is calculated from equation (22) as below, and the results. 
are plotted in Fig. 6 from which the maximum rate of climb is 
read off as well as the speed at which this climb occurs. 


TABLE 5A. 
Ground. 
a ats 0-0961 x 0-0961 x 
: Fy D. gs 1 v\-] 1 v\-? Y 
is | [oen(a)] | Exe (8) 
90 0-356 |0:0412 0:°414 0°-1531 0-1119 28:3 
100 0-288 | 0-0328 | 0-459 0-1180 0-0852 29-6 
110 0-238 | 0-0288 | 0-501 0 0940 0-0652 30-2 
120 0-200 | 0:0264 0-542 0-0760 0:0496 29°8 


After plotting it is found that 
Maximum v is 30-2 f/s. at V = 110 f/s., or 
1,815 feet per minute at an airspeed of 76 m.p.h. (9? Vim.p.h.) 
The corresponding engine revolutions are 1,320 r.p.m. 
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TABLE 5B. 


5,000 feet. 


V 0-0961 x 00-0961 x 
Vv nP re 7 \—2 2] 
90 | 0-417 | 0-0508 | 0-420 | 0-1479 0-0970 20-53 
100 | 0-338 | 0-0386 | 0-465 | 0-1135 . 00749 22-15 
110 | 0-279 | 0-0321 | 0-507 0-0910 0-0589 23-22 
120 | 0-235 | 0-0286 | 0-548 | 0-0740 0-0454 23-22 
130 | 0-200  0-0261 | 0-588 _ 0-0600 00339 22-02 


ernst 


Maximum v is 23-35 f/s. at V = 115 f/s., or 
1,400 feet per minute at an airspeed of 73-3 m.p.h. 
Engine revolutions 1,310 r.p.m. 


TABLE 5c. 
10,000 feet. 


0-0961 x 


Luka V\ Ween oh AV a a2 
ad | E «0p > (f /s) 


Q-0961 x 


| 
2) 0-07 22 | 0-425 


0-0479 | 
0-0379 0514 
0-0320 
0-0286 0-595 


0-0700 
0-0630 
0-0499 
0-0392 
0-0291 


12-79 
15-80 


16-64 
16-98 


16-03 


Masxoumum pis: 1 /:0 iys. at VJ 110d foaer 
1,020 feet per minute at an airspeed of 70 m.p.h. 
Iengine revolutions 1,300 r.p.m. . 


19,000 Je ct A aeaeaaan 


TABLE 5D. 


a 


0-0961 x 


0:0961 x 


V nP 
f Ty D; ; | 7 Lous Fy Bs 
So) =) | gb! [a] | tay Jom [oh 
k | 
100 | 0- 468 | 0:0634 | 0-479 0:1059 | 0:0425 9-08 
110 | 0-387 | 0:0458 | 0-522 0:0845 | 0-0387 11-00 
m4) | | 0-325 | 0-0370 | 0-563 0-0681 | 0-0311 11-49 
"130 | 0-277 | 0-0319 | 0-603 0-0555 | 0-0236 11-08 
| | | 
a aS le SL 


Maximum v is 11-5 f/s. at V = 122 f/s., 
690 feet per minute at an airspeed of 66: e m.p.h. 


Engine revolutions 1,285 r.p.m. 


20,000 feet. 
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TABLE 58. 


| Vv 0-0961 x 0-0861 x 
Vv ne ‘i v 
iby De 1 V 7a 1 V \- : 
f Ss rae 5. Per Ris SS ea ee ‘ 
( / ) | | Bo E Ker Np] E Kap) | —D, (f /s) 
~~ . J = 
110 0-458 | 0-0600 0-528 0-0816 0-02.16 5-19 
120 | 0-385 | 0:0450 | 0-569 0-0662 0-0212 6-62 
130 | 0-328 | 0-0372 | 0-608 0-0535 | 0-0163 6:46 
140 | 0-283 | 0-0322 | 0-647 0-0436 | 0-0114 5°65 
Maximum 071s 6-62 1/5. at V' = "123° f/s., or 
400 feet per minute at an airspeed of 61-2 m.p.h. 
Engine. revolutions 1,270 r.p.m. 
TABLE 5F. 
25,000 feet. 
5 | eo 0-0961 x 0-0961 x | 
Lig ya Gece Soe GS? ‘Vee ee te te 
2 sia, Lae) | | [287(ne) J» | 
| | : | 
125 0-497 0-0530 0-605 | 0-0546° 0-0016 0-47 
130 |0:395 | 0-0470 0-625 | 0-0492 0-0022 0-74 
135 | 0-366 | 0:0427 0-645 0-0442 0:0015 0-55- 
140 |0-341 | 0-0391 0-663 0-0402 0-GO11 0-47 


‘Maximum v = 0-7 f /s. at V = 131 f /s., or 
40 feet per minute at an airspeed of 60 m.p.h. 
Engine revolutions 1,245 r.p.m. 


The various items which are observed during a performance 
trial have been extracted from the tables and are plotted in Fig. 9. 

In order to show the nature of the agreement between calcu- 
lation and observation a machine has been selected from Martle- 
sham Heath trials which has the same loading per square foot 
and the same horse-power per lb. The main characteristics are 
set out in the table below and the curves for performance in 


Fig. 10. 


Waleon Mk. IIT 


Martinsyde Scout. 
Rolls Royce Engine. 


Hypothetical Aeroplane. 


Std. b.h.p. at climb, 272 h.p. at 1,320. | Std. b.h.p. at climb, 270 h.p. at 
PDO pm: 

Total weight, 2,260 Ibs, 

Wing area, 323 sq. feet. 

Airscrew diameter, 9°5 feet. 

Airscrew revolutions on 
1,150. 

Loading, 7:0 lbs /sq. feet. 


Toe Dem tp. OM Cuitio. fio, 


Total weight, 1,900 lbs. 

Wing area, 272 sq. feet. 

Airscrew diameter, 8:75 feet. 
Airscrew revolutions on climb, 1,320. climb, 
Loading, 7-0 lbs /sq. feet. 
Lbs. per h.p. on climb, 11-7. 


GOS 


A comparison between Figs. 9 and 10 will show how very 
accurately the method used can be made to predict performance. 
The curves cannot be compared near the ceiling as observaticns 
rarely occur above 16,500 ft. The airscrew of the hypothetical 
aeroplane is of smaller diameter than that of the real aeroplane, 
but allowing for this difference the predictions and observations 
are in complete agreement. 


It is now useful, before proceeding to ives of observations, 
to summarise the assumptions which have led to Tables 4 and 5 
and to Fig. 9. 


The curve for aeroplane resistance which is given in Fig. 1 
is taken directly from a model of a B.E. 2E tested in the large 
wind channel of the N.P.L. The model was complete with the 
exception of the airscrew and wires. On the other hand, no 
correction has been made for scale. Such evidence as exists shows 
a reduction of resistance with increase of size and it may happen 
that the omission of wires had just compensated for any scale 
effect. 


The shapes of the airscrew curves are taken from model 
experiments at the N.P.L., but the numerical values given to the 
ordinates do not represent any particular experiment. The 
maximum efficiency of 78 per cent. is not unusual. 


The interference between airscrew and body is dealt with.on 
the basis of model experiments. 


The engine curve does not represent any particular engine, 
but is typical of the results obtained on the test-bed. 


The variation of engine power with height is based on an 
indicated horse-power which varies as the density together with 
the assumption of a constant mechanical loss of 15 per cent. of 
the standard horse-power. Itisa close approximation to variations 
measured during flight. 


The remaining factors of weight, area, &c., were chosen to 
represent figures for a high speed scout. 


1. Analysis of performance of an aeroplane in which level 
flights with throttled engine are available in addition to observation 
of speed and climb with the engine “all ouwt.’—The particular 
aeroplane chosen for analysis was DeH. 4 with a 375 h.p. Rolls 
Royce engine. The airscrew was geared down in the proportion 
0-6: 1. , 

There appears to be some doubt as to the exact horse-power 
of the engine used and the effect of this appears in some uncer- 
tainty in the estimation of the airscrew efficiency but is not in 
other respects of any importance. The values taken for the 
Standard b.h.p. appear in the tables POOSUAeh with the observation 
of speed and climb. 
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TABLE 6. 
Level Flights. | Maximum Climb. 

Relative Speed, Engine, Relative Speed, Engine, Rate of 

Density. m.p.h. r.p.m. Density. m.p.h. E-p.m. Climb. 
Ft /m. 

0-833 134 15935 0-963 77°6 1,700 1,265 

aerTe 115 1,700 0-903 78-0 1,700 1,145 

iar; 98 1,500 0-845 490 1,700 1,025 

eu 80 1,300 0-792 80-2 ots he. 905 

0-717 132-5 1,910 0-740 81-4 1,690 780 

ahi A 115 1,720 0-695 81-6 1,685 660 

eens? 100 1,565 0-652 81-7 1,675 540 

obs. 80 1,360 0-610 82:0 1,660 420 

0-611 126 1,860 

‘ent 100 1,595 

hs 80 1,400 

0-740 133 91s 

0-673 130°5 1,895 

0-630 128 1,870 

0-600 125 1,855 


* These level flights were made with throttled engine. 


The following further particulars apply to this aeroplane :— 


Total weight 3,475 lbs. 
Wing area : 436 sq. feet (24) 
Airscrew diameter 10-13 feet 


Table 6 and the particulars in (24) constitute the whole of the 
available data obtained during performance trials and with the 
power curve for the engine constitute the material to be analysed. 
The first illustration will ignore all questions relating to accuracy 
of observation in order to concentrate attention on the principles 
underlying the analysis. 


It will be found that it is possible to deduce :— 


(1) The variation of engine power with height. 
(2) The efficiency of the airscrew. 


(3) The resistance coefficient of the aeroplane apart from 
its alrscrew. 


(1) Variation of engine power with height—From a knowledge 
of the standard b.h.p. at given revolutions and the use of equation 
(14a) it is possible to calculate directly the value of Q,/f(o), where 
Q. is the torque coefficient and f(g) is the factor representing 
variation of power with height. 
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The airscrew formula given in (3) may be written as 


_ Q. VY 0.47 ~Vy2 
LG AG sen cat — 1-772 D : : . (25) 
and as the advance per revolution is measured in flight, equation 
(25) is determined except for the values of K,f(o) and P. If 
experiments are made at the same height then K, f(o) is the same 
throughout, but the value of V /nP depends on the rate of climb. 
Hence if two experiments be chosen, preferably near the ground, 
one being a level flight with the engine “all out” and the other 
a maximum climb it is possible to eliminate K, f(e) and so lead 
to an equation for the determination of P. Experiments at other 
heights may be used, but greatest accuracy obviously goes with 
the observations at the least height at which steady flight is 
possible because the difference between the values of V /nP in the 
two extreme experiments then has its greatest value. 


If experiments were conducted at the place where op is unity 
and where f(o) is also defined to be unity the value of K, would 
be also determined by the same two experiments. In any appli- 
cation, however, extrapolation to 9 = 1 is necessary, and this is 
a source of some error of prediction which must be borne in mind. 


In all analyses made by this method K ,f(9) has been found to. 


be linear with 9, and its value K, where 0 is unity is reasonably 
certain, provided that the b.h.p. curve of the engine is accurately 
known. 


TABLE 7. 


Experiments with Engine “ all out.” 


Height, Relative Speed, Engine, Standard Va Qe 

ft. Density. m.p.h. r.p.m. b.h.p. nD I (p) 
6,500 0-833 134 1,935 354 1-005 0-:0201 
11,000 OcFiley, 132-5 1,910 353 1:004 0-0242 
16,000 0-611 126 1,860 351 0-978 0-0304 
10,000 0-740 133 1,915 354 1-005 0-0232 
13,000 0-673 130°5 1,895 353 1-000 0-0263: 
15,000 0-630 125 1,855 351 0-978 0-0297 
16,500 0-600 128 1,870 351 0-994 0-0306. 
2,000 0-963 77°6 1,700 338 0-661 0-0244 
4,000 0-903 78-0 1,700 338 0-664 0-0260: 
6,000 0-845 79-0 1,700 338 0-672 0-0278. 
8,000 0-792 80-2 1,695 338 0-687 0-0299: 
10,000 0-740 81-4 1,690 338 0-700 0-0324 
12,000 0-695 81-6 1,685 337 0-701 0-0345. 
14,000 0-652 81-7 1,675 336 0-706 0-0373 
16,000 0-610 82-0 1,660 334 0-716 0-0408 


SR ETE So EST RR OE ES LN IE ST BS EE LL SI LTE LTR TT TT ST ST TI TT 
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From (14a) we have for this aeroplane :— 


G. 550 Std. b.h.p. 


fle) 6-28 x (10-13)? * 0-002379 /r.p.m.\? 
60 airscrew. 


— 73,600 pul Be 
e(r.p.m.) 
airscrew. 
= Std. b.h.p. * 
= 341,000 Jeger a . aH es . (26) 
engine. 


The values of Q,/f(e) calculated from (26) are given in the last 
column of Table 7. The figures in columns 6 and 7 are used to: 
produce the curves of Fig. 11 showing the relation between V /nD 
and height and Q,/f(e) and height. It should be remarked that 
the speed during climb is an arbitrary variable at the disposal of 
the pilot and that a mean curve must be used with considerable 
caution if errors of deduction are to be avoided. 


From the curves of Fig. 11 it is now possible to choose values. 
of Q./f(e) and V/nD for the same altitude and to use them in 
equation (25), which can be transformed to the following equation 
for E: 


P153 — 0-886 . (27) 


At 6,000 ft. ( Qe ) = 0-0196 ( 7) = 0-0278 
1 2 


i : Fe) (28) 
(), = 10-20 Gi), — 6-62 
Bndi oh Ue. 1-45 ip Sega ©: . (29) 


At 10,000 ft., P = 13-1. At 16,000 ft., P = 12-9. Observations 
near the ground should be given greater weight than those at 
altitudes, and the value P = 13-1 will be adopted. 
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TABLE 8. 

Height, | Relativ | iv Q. i | 5 Ky = 42-9 
: eat oer | ne fle) KyQe | Rofl) See Fig. lla. 
6,500 :833 > BOs7 77 0-0201 0-703 35:0 0-816 
11,000 0-717 0-776 0:0242 0-705 29-1 0-678 
16,000 0-61.07 5) -910-757, 00-0304 O27 as 24-2 0-564 
10,000 0-740 0:777 0-0232 0-703 30°3 0-705 
13,000 0-673 0-774 0:0263 0-708 26°9 0-628 
15,000 0:630% Tes 357 0-0297 0°737 24:9 0-580 
16,500 0-600 0-754 0-0306 0-718 23°5 0-546 
2,000 0-963 0-512 0-0244 0-994 41°8 0974? 
4,000 0-903 | 0-514 0-0260 0-992 38:2 0-890 
6,000 0-845 0-520 0-0278 0-990 356 0-830 
8,000 O7O2) V7 Os532 0-0299 0-982 329 0-766 
10,000 0-740 0-542 0-0324 0-977 30-2 0-702 
12,000 0-695 | 06-542 0-0345 0-977 28-2 0-660 
14,000 0-652 0-546 0-0373 0-975 26:2 0-610 
16,000 0-610 | 0-554 | 0-0408 0-970 23°83 0-554 


The straight line of Fig. lla corresponds with the formula :— 


Ligichapah led 
fle) =a igrggy ae a ned eerie ee 


an equation which may be interpreted approximately as due to 
an indicated horse-power which is proportional to density together 
with a mechanical loss of 11-9 per cent. of the standard horse-power. 


The preceding analysis has given in addition to the value of 
f(e), the numerical value of 39-7 to K, and the results may be 
summarised as :— 


ie 
K, = 42-9 ae 
p= 702119 
J\p) Ban eee 


Determination of K ,.—To determine K , use is made of equation 
(17) which with numerical factors introduced becomes :— 


NSN v 
pas — ]1 = 5:32 ue : : ; : 
. i 
together with L, = ale : : : : : . (33) 
P41 Vv m.p.h 


Two experiments at the same airspeed (9 V?)! are used to eliminate 
D,. As L, is now an important independent variable the values 


of V/nP and L “are plotted in Fig. 12 with L, as abscissa. 
From the curves so drawn it will be possible to extract values of 
V /nP id 

/nP and L, V 
gives the necessary data for drawing Fig. 12, &c. 


which correspond with a given airspeed. Table 9 
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TABLE 9. 
Speed, | Relati Vie v = Ai 
Beaty Tenet mP L, ms Vv Dat Vv De iemicienioy. 
134 | 0-833 | 0-777 | 0-105 0 | 00179 | 0-0179 0-749 
*115 i 0-758 | 0-142 » | 00203 | 0-0203 0-750 
* 98 : 0-731 | 0-196 »  0:0240  0-0240 | 0-750 
* 80 - 0-690 0-295 » | 0-0302°| 0-0302 | 0-740 
132-5 | 0-717 | 0-776 | 0-125 | 0 | 0-0181 | 0-0181 |. 0-749 
#115 ey 4m er 5G ie 06215") 0-02159/°0-750 
*100- oh 0-716.) 0-219 |. ,. 0-0261  0-0261 0-746 
SES oer ee 0-659 | 0-343. _,, 0-0358 | 0-0358 0-731 
126 |-0-611 | 0-757 | 0-162 | 0 0-0205 | 0-0205 | 0-750 
F100e re 0-702) 0-257 ; 0-0283 | 0-0283 | 0-744 
yee SheMet P0640. 58 O02) PMY 0-0398  0-0398 0-724 
133° | 0-740 | 0-777 | 0-120 | 0 0-0179 | 0-0179 | 0-749 
130:5°] 0-673 |. 0-774 | 0-137 x 0-0184 | 0-0184 | 0-749 
128 -| 0-630 | 0-757 .1.0152 .|.__,, 00205 | 0:0205 0-750 
125 | 0600 | 0-754 | 0-168  ,, | 0-0209 | 0-0209 0-750 
776 0-963 | 0-512 0-270  0:0500 0:0775  0-0275 0-651 
78:0 0-903 | 0-514 0-285 00-0476 +: 0-0767 | 0-0291 0-653 
79-0 | 0-845 | 0-520 0-297  0-0440  0-0742  0-0302 | 0-657 
80-2 | 0-792 | 0-532 0-308  0-0395  0-0695 | 0-0300 | 0-665 
81-4 | 0-740 | 0-542 | 0:320 00-0350 | 0:0659 | 0-0309 0-671 
81-6 | 0-695 | 0-542 0-339 —0-0313. 00659 | 0-0346 | 0-671 
81-7 | 0-652 | 0:546 | 0-361 | 0-0272 | 0:0645 | 0-0373 | 0-674 
82:0 | 0-610 | 0-554 hoe - 0-0224 | 0-0621 | 0-0397 0-679 
| | | 


* Engine throttled. 


From Fig. 12 the values given below have been read off :— 


T3027: a level flight = 0-696; att climb = 0-512 


ie (Me 
v i= 
ibe V a 0-0508 
Lies 132, os level flight = 0-675 ; aw climb =: 0-542 
g 
nP nP ou 
F (34) 


a 
LEE a level flight = 0-655; gh climb = 0-550 
nP nP 


ibe v — 00254 
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Using equation (32) these values lead to 


: 1-84 
Ki= 532-x 0-0508 — © 80 | 
K,= eae = 6:59 5 
‘= 5:32 x 00345 — eee ee: 
0-98 
J = Ae, 
KS 532s. 0-094 7:25 


The values of K, given in (35) are somewhat variable and it 
is necessary to take a mean, giving most weight to observations 
near the ground. The best method of weighting appears to 
consist of the addition of the numerators and denominators of 
the fractions of (35) to get 


4-03 


Bi = 5-39-< 6-107 


= Gham ; . (36) 
The maximum airscrew efficiency can be calculated from the 
formula 
Pe Ke 
58 : : : : a 
Y max. = 0: 3 9. r<D re (37) 
and is equal to 0-750. 


More generally the airscrew efficiency can be calculated for 
any value of advance per revolution, the expression being 


ME ber 1 
Bel NOON eRe ie oe et 
Sete Gee cee Pl neon nasi yo 
nP nP 


The values of 7 for each observation are given in the last column 
of Table 9. It will be noticed that maximum efficiency is obtained 
at top-speed and that during climb the efficiency varies from 
0-65 to 0:68. 


Determination D,.—From equation (32) and Table 9 the 
values of D, + L, Vv “can be calculated and hence the values of ABC 
The result of the Meee. is Shown in Table 9 and in Fig. 13. 


The degree of consistency of the points shows what may be 
expected from the method apart from any systematic errors due 
to the method of dealing with slip-stream effect and airscrew 
efficiency. 


In the instance of the DeH. 4 tests have been made with 
other airscrews and engines, though not always with the same 
completeness of observation. 


2. Analysis of a performance trial in which there are available 
only observations of level flights and climbs with the engine at full 
throttle—In the great majority of trials the only data available 


| 
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for analysis are those associated with level flights at several 
heights and the best climb with the engine at full throttle in each 
case. To reduce such trials advantage is taken of the fact that 
when a machine is performing its best climb or level flight, the 
indicated airspeed diminishes continuously as the height increases, 
and as a consequence the lift coefficient of the machine, and its 
drag coefficient both increase continuously as the height increases. 


When a correct analysis has been made, it is clear that the 
curve connecting L, and D, for the level flight must be con- 
tinuous with the corresponding curve for the climb (see Fig. 14). 


The method of reduction is best explained in connection with- 
Tables 10 and 11, which give the analysis of the trials of DeH.4 
with the 275 H.P. Rolis engine. - 


Columns 1 to 6 in Table 10 are the points taken from the data 
of the trial and engine test bed power curve. 


Columns 8 to 13 are used for calculating experimental pitch 
P, K,and f(e) as explained in connection with Table 8. In short, 
the details of the method up to and including column 16, Table 10, 
are the same as those already described. For determining D, in 
this case it is more convenient to use the older form of thrust 
coefficient, 


= Ny —— pay V being in feet per second. 


Pee 
We then have T = W a +7 


or 
1D ee oe) 
: Fayed DAG sd By ifeper- tl. CG: +¥) 


2 


which reduces to t, X Ee aaa Dae Lew or 


A 
] 1Dy v 
fie x (ky t,) x mA ak Lew — D, ° ° ° (39) 
From the values of Needs : or 5 in column 9 the corresponding 


values of k, t, (column 17) are calculated from the general propeller 


2 
equation k, t, = ; G) — * or read off the curve c for that 


equation in Fig. 14. 


Table 11 is then begun by transferring the figures in Cols. 1, 


2 
14 and 16, Table 10, to columns 18, 19 and 25. &k, Nes is calcu- 
lated from column 17, Table 10, and the figures put down in 


column 24, Table 11. 
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The next operation consists in guessing a value of k, which 
will make the values of D, when plotted against L, lie on a con- 
tinuous curve embracing the values obtained from both the level 
flight and climbing trials. Fig. 14 shows how this process enables 
the right value of k, to be arrived at. The first guess for the 
value of k, is made by assuming a probable maximum propeller 
efficiency and substituting this in the relation 


4 Rie (ew) IKE 
Hh8n D2 (old) ae 
It will be observed from a consideration of Fig. 14 that k, 


can be determined by this method to within 2 or 3 per cent. 
if the trials are consistent. 


7 max. x 0°583 . : . (40). 


The values of L, and D,, corresponding with climbs at low 
altitudes, do not always fall consistently on the final curve of D, 
against L,, a result which is probably caused by bad observations 
at the beginning of a climb, or because the climb rate curve, as 
given in the trial report, has been incorrectly drawn through the 
individual observations. 


Having finally decided on k,, and the D, — L, curve, the 
value of the maximum propeller efficiency y,,,,, is calculated 
from (40) and the propeller efficiencies for all values of V /nD from 
the curve given in Fig. 17. It only remains to evaluate L, /D,. 
in order to complete the analysis. 


It is clear that considerable experience in the use of the 
analysis will be required before the full advantages are developed. 
The present notes are put forward in the hope that others may 
be sufficiently interested to help in the developments. 


ee 
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APPENDIX. 
By Miss A. D. Berts, B.Sc. 


Formule for the Thrust and Torque Coefficients of Atrscrews. 


Taking T, = Thrust /en?D4, and QO, = Torque/pen?D>, it was found by 
trial that the following formulz expressed the results of tests :— 


4 Vi \? 


: Vv \ 
and K,. Q, = 1-104 — 0-833 Ga 


where K, and K, are constants such that K,.T, and K,.Q, are both 
equal to 1-0 when V /nP = 055. 


The above formulz were obtained as follows :—A number of airscrew 
tests which were considered reliable were chosen from among those described 
in the reports of the Advisory Committee for Aeronautics. These airscrews 
were of various plan forms, and included nine two-bladed and six four- 
bladed airscrews. (The reports in question are R. & M. 123, Section (i), 
155, Section (i), 155, Section (ii), 264, 344 and 316.) 


The reports (with the exception of R. & M. 344) gave values of 
Thrust /pV*D? and Torque /pV?D* for various values of either V /nD or slip 
ratio ( 1 — =D): The experimental mean pitch P was in most cases given, 
but was always tested by calculating T, and plotting it against V /nD; in four 
cases a corrected value of P, obtained by this means, was used instead of 
that given. In R. & M. 344, T, and Q, were given directly for values of 
V /nD, and P was found by plotting in this case. 


The values of T, and Q, extracted from the reports were plotted against 
V /nP, and their values when V /nP = 0-5 were then found, and used to 
calculate K, and K,. Finally, K,Q, and K,Q, were calculated for all 
observations. The points so obtained for the fifteen propellers are plotted 
against V /zP in the diagrams (Figs. 15 and 16). They all lie fairly closely 
on a single curve. 


To obtain a mean curve, the points were divided into groups, taking 
in the first group all those with V/nP between 0-3 and 0-4; in the 
second, those with V /nP between 0-4 and 0-5; and so on. The values of 
T, and Q, when V /nP = 0 (static tests) were available in eight cases, and 
these constituted another group. The centre of gravity of each group of 
points was then found. These C.G.’s, when plotted were found to lie 
on fair curves passing through the C.G. of the static,test points in both 
cases. 


B382838 7, 
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It was shewn that the equations of the curves must be nearly of the 
form y =a@+b2"; and after some adjustment the formule given above 
were arrived at. 


ATON'S 
The: equation K,O, = 1-104 — 0-833 (=p) represents the empirical 


torque curye very accurately, even in the neighbourhood of the static test 
point (where the formula gives 1-104, instead of 1-114 which is the actual 
ordinate of the C.G. of the static test points). Everywhere else the agree- 
Sia OM A a Wes | : 

BaeeG (=e) lies appreciably 
below the empirical curve for values of V/”P less than 0-3 (the formula giving 
1-333 at V/nP = 0, as against 1-415), but is in good agreement with it else- 


where. This divergence is not important in practice, as V/x is always. 
greater than 0:3. 


ment is even closer, The curve K,T, = 


Some work had been done previously (using tests of seven propellers) 
to obtain formulz connecting the old form of thrust and torque coefficients: 
(Thrust /oV*D? and Torque /eV?D%) with V/nP. Calling these ¢, and q,, it 


was found that 
1 T/nP\2 


and ky.q, =} (ea — 0-443 


as nearly as could be determined. (hk, and A, are of course not the same as 
K,and K,). Obviously, we may deduce the values of K,.T, and K,.Q, 
from these formule. If this is done, we find that 


2 
K,.T, = : — x (ap) , as before ; 


but K, .Q, is of a quite different form, and is given by 
V V\? 
K,.Q,=2 (=p) SAWS FE: (GP) , 


This makes K, . Q, a maximum at V/nP = 0-42, and zero when 
V /nP = 0, which, obviously, must be incorrect. The diagram (Fig. 17) 
shows the two curves 


We 0-47 os NV 2 
Ke On? (sp) a Regp: (5) 


V \8 
and K,.Q, = 1-104 — 0-833 (<p) 


It will be seen that the two curves lie near together for values of V /nP 
between 0:5 and 0:8. 3 


It might be objected that, though these relations hold with reasonable 
accuracy for airscrew models tested separately, yet they may not apply 
to a full-sized airscrew attached to an aeroplane, because (1) the per- 
formance of the airscrew is modified by the presence of the aeroplane parts, 
(2) the effect of the slip-stream on, the drag of the aeroplane must be taken 
into account, and (3) there may be a scale-speed effect due to the con- 


siderable difference in size and airspeed between models and full-scale 
aiLSCTeWSe 
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Interference and slip-stveam effect. 


Let D’,; = the drag coefficient of the parts of the aeroplane outside the 
slip-stream. 


D,; = the drag coefficient of the parts of the aeroplane in the slip-stream; 
including the airscrew boss. 


D, = the drag coefficient of the aeroplane as a whole (including the 
airscrew boss) regarded as a glider. 


V_ = the forward speed of the aeroplane in ft /sec. 
v= the rate of climb in ft /sec. 

A = the wing area in sq. feet. 

v7 


¢ = the thrust coefficient of the airscrew as modified by the presence 
of the aeroplane parts. 


rai the ratio of the resistance of the parts in the slip-stream to what 
O the resistance of the same parts would be if there were no 
slip-stream. 


Then, equating the airscrew thrust to the drag of the aeroplane, and 
the component of the weight along the airscrew axis, we obtain 


) 


T’,on?D4 = D’ pAV? + D,pAV? et LpAV? = 


(ahs R v 


Or di» AV? = D*, a D; he i lip Ve 


This reduces to 


| /nD\2 D2 R 
T.("7) a—Di(g—1)=DetDetley =D.+key 


Hence 


’ Doe a. Vive el) %: Am) \2 Sa v 
[2 = Pepe(z, —1) Ga) |x Ce) = Pet hey 


Now (page 613), it has been shown that 


3 
The quantity kz — D; = (a — 1) (ap) | which we may cal} 


T’’,, can therefore be taken to be the thrust coefficient of the combination 
of the airscrew and aeroplane, for, when multiplied by pD‘n?, it gives the 
net thrust required to drive the aeroplane alone (including the airscrew 
boss), and K,.T”, can be calculated. This was done in the case of three 
of the N.P.L. tests on airscrew models with interference of bodies and 
wings (R. & M. 393, B.E. 2E body and wings; R. & M. 401, BE. 2C 
body ; R. & M. 305, F.E. 8 body with rotary engine), T’, and R/R, being 
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-extracted from the reports, and T’’, calculated for several values of V /nD; 
- 7\23 
The points:so obtained lie closely on the curve Ky. T, = 3 E ne (=p) | 


particularly in the case of R. & M. 401, thus proving that the formula 
applies to airscrews in practice, so far asinterference and slip-stream effecis 
are concerned. The effect of these upon torque also appears to be negligible. 


Scale-Speed Effect—This was observed in the case of the airscrew tests 
described in R. & M. 390 and 393, and slight effects of the kind were noted 
at the N.P.L. in connection with two other model airscrews of 3th scale 
(see R. and M. 390). As has been stated, the points calculated from R. and 
M. 393 lie reasonably well on the curve given by the formula, so that it may 
be expected that this relation will hold (even if there is a scale-speed effect) 
in passing from models to full-sized airscrews. This is confirmed by the 
results of tests made at the R.A.E. on five airscrews (on an S.E. 5 machine 
with 170 High Comp. Hispano-Suiza engine). K,.T, and K,.Q, were 
found from the data given for these five airscrews. Although the resulting 
points are somewhat scattered, as is to be expected in full-scale experiments, 
the mean curve through them is in good agreement with the formula for 
K,.T,, but the K,Q, curve lies,somewhat higher than that from the 
formula for values of V /nP above 0:7. 
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THE DESIGN OF AEROPLANES FOR USE AT GREAT 
| * HEIGHTS. 


By R. McK. Woop and H. L. Srevens. 


Presented by the SUPERINTENDENT, Royal Aircraft Factory. 


Reports and Memoranda, No. 493. 


Section (i). General Design. April, 1917. 


SUMMARY.—FPerformance.—A variable pitch airscrew or some other 
equivalent device would improve the climb at great heights and raise 
the ceiling while the top speed would not be appreciably reduced. 

Weight is slightly more important in relation to resistance than at 
the ground unless climb alone is considered, when the reverse is the case. 
Taking climb and speed as of equal importance, then, for a typical aero~ 
plane at the ground 1 Ib. of resistance is equivalent to 5 lbs. of weight,. 
and at 15,000 ft. to 4 lbs. 

A preliminary investigation suggests that a fairly lightly loaded’ 
machine has advantages, but the problem of the ‘‘ best’ loading is very 
complicated, since it involves the characteristics of the engine and air- 
screw. This matter will form the subject of a further report, but from 
the work already done, it appears that no very radical alteration in present. 
practice will be necessary. 

Stability —The ‘‘ best margin ’”’ is so uncertain that the small eftect 
of a change in density is negligible. 

Controllability.—The radius of the smallest circle in which the machine 
can turn varies inversely as the density. For a given load factor the 
highest speed at which a turn in the smallest circle can be made varies 
iiversely as the square root of the density. The same relation holds. 
for the shortest time in which a turn can be made. It is doubtful how 
far these variations are of importance. 


1. General remarks.—Any modification in the design of an 
acroplane will in general affect more than one of its qualities. 
For the designer to be able to balance up the losses and the 
gains accurately, he must be able to express them all in com- 
mensurable units. Unfortunately, this is very seldom possible, 
and the real decision has to be made simply by estimation. For. 
example, it is practically impossible to say whether a saving 
of 50 per cent. in the time taken to dismantle and re-assemble 
some component outweighs a loss of 10 ft. per min. climb. . This 

is, however, a very common type of problem. 
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Even when it is easier to compare the change there is still 
uncertainty on account of lack of knowledge of what constitutes 
gain or loss. For example, the margin of stability allowed 
is arbitrary and may apparently be varied 50 per cent. without 
appreciable effect on the aeroplane’s qualities. It is evident, 
therefore, that the effect of a change in air density—unless 
very large—will generally be swamped in uncertainties of this 
nature. For this reason, with the exception of the variable 
pitch airscrew, this report does not suggest any innovation, 


2. Performance.—In. the calculations which follow, R.E.8 
has been taken as the type machine, the weight being reduced 
slightly in order to raise the calculated ceiling to 18,000 ft. 
under normal conditions. It has been assumed throughout that 
engine torque varies as (density) 1:1. It is probable that even 
if a blower or equivalent device is used to make the torque 
roughly independent of density up to say 10,000 ft., above this 
height this law will hold approximately. The use of the index 
1-1 is justified by experiments at the R.A.F. on engines without 
any form of carburetter adjustment. 


In predicting the performance of R.E.8, the curves of torque, 
revs. per second and efficiency, against advance per rev. for 
airscrew T.6296 as obtained on the whirling arm and the curve 
of horse power against revs. per minute for the R.A.F.44 engine. 
from test figures, have been used. The ‘process of calculation is 
as follows :—A particular value of the engine revs. is chosen, : 
the corresponding h.p. found from the engine curve, corrected 
for density, and Q/N? calculated. The corresponding figure for 
the airscrew is then found by correcting for the gearing and for 
air density. From this the airscrew curve gives the advance 
per rev. and the efficiency, and, therefore, the true speed, 
indicated speed, and thrust horse power. Curves are then: 
plotted of h.p. available, against indicated speed at different, 
heights. Corresponding curves of h.p. required to fly are also 
plotted. From the intersections of these calculated curves and 
the length of the maximum ordinate intercepted between them, : 
the top speed and maximum rate of climb at any height can: 
be predicted. | 


These results are exhibited in the form of curves giving the 
speed at any height, the best climbing speed (indicated) and the 
maximum rate of climb at that height. This last curve is a 
straight line, and the point where it cuts the axis of height 
gives the ceiling, which is at about 18,000 ft. 


3. It will be seen that if the engine revs. could be kept up at: 
low air speeds without a great loss of efficiency in the airscrew 
the rate of climb and the ceiling would be raised. - At the same 
time the engine must not be allowed to race at top speed, and 
may' have to-be throttled to prevent this. ‘Any loss of speed 
resulting from this cause must be debited gezinst the mode. Hens 
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Four methods were considered: 


(1) Cutting down the blade area of the airscrew. 
(2) Reducing the pitch of the airscrew. 

(3) Using a variable pitch airscrew. 

(4) Using a two-speed gear. 


(1) Cutting down the blade area of the airscrew.—This, if 
carried at all far, involves throttling the engine at high speeds, 
with consequent loss of top speed. It will be seen from Fig. 2 
that very little is to be gained by this method as the throttled 
portion of the curve is very steep and the loss in speed con- 
sequently great. A slight improvement, however, is possible 
if the engine is not already giving its maximum revs. at top 
speed. This is the case in Fig. 2, which is drawn for 15,000 ft., 
2,000 revs. per minute being taken as the maximum which the 
engine must not exceed. In this case a blade area 0-85 of the 
actual would be best. The curves for different blade areas 
were obtained by taking the curves of T /N? and Q/N? against 
V /N for the airscrew, and multiplying the ordinates by the ratio 
of the blade areas. The efficiency curve was considered to be 
unaltered. 


(2) Reducing the pitch of the airscrew.—The effect was tried 
of reducing the pitch of the airscrew 25 per cent. and increasing 
the blade area so that maximum revs. were obtained at about 
top speed without having to throttle the engine. It will be 
seen from Fig. 3 that a substantial gain in climb would be obtained 
at 15,000 ft. without loss of speed. The speed at the ground 
is reduced by about 10 m.p.h., as the engine would have to be 
throttled. The effect of change of pitch on the characteristics 
of the airscrew was deduced from an examination of all the tests 
of airscrews of different pitch done both at the R.A.F. and at 
the National Physical Laboratory. 


(3) Variable pitch screw.—Calculations, using the ordinary 
theory, were made and indicated that an airscrew could be 
designed which, while allowing the engine to give full revs. at 
all air speeds would only drop about 4 per cent. in efficiency 
in a range of values of V/N from top speed to climbing at 
15,000 ft. Fig. 4 gives the horse power curves calculated for 
this airscrew. The airscrew is assumed always to be adjusted 
so that the revs. are 2,000. Figs. 5 and 6 show the best climbing 
speed and the rate of climb at various heights with the ordinary 
screw and the variable pitch screw. The ceiling is raised about 
3,500 ft., and the rate of climb increased 200 ft /min. at 15,000 ft. 
and 400 ft /min. at the ground. The top speed is not appreciably 
changed. The extra weight of the airscrew and the extra resist- 
ance (to provide the increased cooling required) will not reduce 
the gain very materially. 
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(4) T'wo-speed gear—The mechanical difficulties in the way 
of this system are very great. Accordingly, 1t was not con- 
sidered in detail. It appeared likely that about 15 h.p. could 
be gained for climbing at 15,000 ft. with a loss of about 3 h.p. 
at top speed due to the blades having to be increased in area 
to keep the engine revs. down to 2,000 at top speed. 


4. It is evident that the variable pitch airscrew presents the 
most possibilities. It has, moreover, one very great subsidiary 
advantage. It is necessary that an aeroplane should be able 
to dive very steeply in fighting. With the present arrangement 
this often involves excessive engine revs. and excessive speeds. 
If a variable pitch airscrew were used, the revs. could be con- 
trolled easily and, moreover, if required, the airscrew could be 
used as a brake to any desired extent, making it possible to dive 
the machine at any angle and at practically any speed. 


5. The relative importance of head resistance and weight for 
ground level was discussed in Report R. & M. 217. Fig. 7 gives 
the curves obtained, plotted as in that report. The machine 
taken is R.E.8, using the variable pitch airscrew at the ground 
and at 15,000 ft. It will be seen that weight becomes more 
important with regard to resistance at great heights unless 
climb is considered to be about twice as valuable as speed (2.e., 
unless a gain of 1 per cent. in rate of climb is considered to be 
worth a loss of 2 per cent. in top speed). 


6. Stability—No thoroughly satisfactory criterion of stability 
has been found. It is usual to estimate the stability by calculat- 
ing first the period of the ordinary ‘ phugoid ”’ oscillation, and, 
secondly, the range of movement of centre of gravity before 
instability sets in. Using the notation of R. & M. 324, these 
are given by 

period = 0-202 Uv/1 + eQ approximately. 

range = m = function of epU? only, except for second order 
effect. 

where U = true speed, 

and Q = a function pU? only, and is of the order of 2 for 


a very stable machine, and increases as the stability gets worse. 


Hence, at the same indicated speed the period increases by 
about one-sixth of the percentaye decrease in p for a very stable 
machine, and hardly at all for a very unstable one. mis 
unaffected. 4 


Now a 10 per cent. increase in period produces no appreciable 
change in the aeroplane from the flying point of view, and it is 
safe to say that there is no need to cater specially for aeroplanes 
which have to fly mostly at low densities. | 
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7. Controllability—The criteria for good controllability are 
rather less certain than those for stability. We have 


(1) Radius (r) of smallest circle. 


where V, is the stalling speed at ground level. 


(2) Highest speed (V) in smallest circle——For a load 


factor n 
eae 
ve 
(3) Shortest time (T) in smallest circle. 
2rV, 
~ gven 


Hence r, V and T all increase as pe decreases. 
The indicated speed corresponding to V (being of course 
1/eV) is evidently unaffected. 


The smallest circle is sometimes actually reached in practice 
but it is doubtful if a 30 per cent. increase in its size is very 
disadvantageous. To keep it to some predetermined size, the 


loading must be decreased ’as : (9 being the mean density at 


which the machine has to work). A 30 per cent. decrease of 
loading (say, from 8 lbs /sq. ft. to 54 lbs /sq. ft.) presents serious 
difficulties. The other limiting factors represent the “ factor of 
safety,” V being simply the highest speed at which the machine 
can be brought into the attitude of maximum lift without break- 
ing. It is probably not legitimate to decrease the factor of 
safety in proportion to +/o (as (2) suggests) because the factors 
now used give no more than reasonable strength to resist shocks 
of landing, rough handling, and general wear and tear. 
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Section (ii) Wing Loading for Highest Ceiling. May, 1917. 


SUMMARY.—For an aeroplane designed especially with the object of 
reaching the highest possible ceiling, there is a best loading (about 
3 Ibs /sq. ft.). This figure is not practicable for other reasons, but it appears 
that it would pay to reduce the loading somewhat below the values used 
at present for machines which are to be employed specially at very great 
heights. 

The loss of speed entailed by using a larger area is not prohibitive. 
The loss of manceuvrability on account of the larger ae &c., iS a serious 


disadvantage. 


It is assumed that the weight of the wing structure is 1 lb. 
per sq. ft., and that the extra to aerofoil resistance when climbing 
varies as the total weight, so that 

W=W,+A . ; ‘ : ; Re C4 

r=A(W, + A) : ; : ; nied 6 
where A is a constant. This means that the variation of the 
slipstream factor R/R, is neglected. 


The ceiling depends only on Z/H and the shape of the airscrew 
efficiency curve, where Z is the thrust h.p. available at standard 
density and H is the drag h.p. under the same conditions. 

We have 

W, +A =—0-0051 &, AV,? . aati eee 
and | 


? | 
ae + A)7 bape eai of sod od ig 


where k, is the effective lift coefficient and k, the true drag 
coefficient of the wings, and V, is the indicated airspeed in m.p.h. 


For maximum ceiling H must be a minimum, and so at any 


given indicated speed gE = (0. This leads to 


0 ky 
W,/dky kN es 
2 ans, fe 
ivi (ee 
or : 
W,/. dk 
R (ua ones 190%) == 106 4ehe mye 


In this equation 1964 may be taken to have an average 
value of 0-003. The wing section will be assumed to be R.A.F.14. 
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2. The solution of equations (3), (4) and (6) give the values 
of H/W, and W/A for maximum ceiling at any definite speed 
V,. The figures given are perfectly general except for assump- 
tions mentioned above. 


Se H /W.- W/A. 
33 0-017 2:5 
36 0°0165 2-6 
39 0-016 2-7 
45 | 0°0175 3:1 
56 fata (0-022 4-0 


These values (see also Fig. 2) give the best loading when the 
climbing speed is fixed. To find the best climbing speed a 
curve of Z/W, against V, is required. Values of Z/W, have 
been calculated for three aeroplanes, and are given below. 


Vo: B.E.2c. RE | R.E.8. 
30 | 0-026 0-023 0-034 - 
40 | 0-032 0-029 | 0-041 
50 | 0:037 0:034 | 0-048 
60 0-042 | 0-037 | 0-054 

| - eee NN ag aa Ni a gl a ae Gio Soy 2 Bs | 


It appears that the values of Z/W, for the three oe 
bear a constant ratio to one another, and it will be assumed that 
this condition holds for all aeroplanes. 


The loading for maximum ceiling is now given by the speed 
which gives the maximum value of Z/H. The values so deter- 
mined will be independent of the actual values of Z/W, so long 
as the latter bear a constant ratio to the curve given in Fig. 1 
The best loading appears to be approximately 3 lbs. per sq. ft., 
and the best climbing speed 45 m.p.h. 


A curve of Z/W, for a variable pitch airscrew on R.E.8 has 
also been calculated. This gives a higher maximum ceiling at 
a slightly lower airspeed and loading. 


3. Calculations of rate of climb and speed have been made 
for R.E.8 with three different wing areas, and are given in the 
following table :— 
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Wing Area (sq. ft.). | 400. 500. | 600. 

Rate of | Ground level oe 790 780 740 

clim Dian, SOD toma. ns 530 525 510 

(ft. per | 10,000 ft. ... “ee 275 300 320 

Min). i) :1D,00CM tae se a 65 115 125 
True speed at 10,000 ft. (m.p.h.) 100 a9 | 984 


The maximum possible rate of climb at 15,000 ft. is 195 ft. 
per min. with 900 sq. ft. of wing area. The effect of increasing 
the area is therefore to decrease the rate of climb near the ground 
and to increase it at heights, the increase becoming most notice- 
able as the ceiling is approached. The loss in speed at 10,000 ft. 
is small. The chief objection to the light loading is probably 
the loss of controllability owing to the larger wings, &c. It 
should be noted that secondary increases in weight due to the 
increase in wing area, &c., have not been taken into account. 
These will all reduce the advantage obtained from the reduction 
in loading. 


PRELIMINARY REPORT ON MEASUREMENTS OF 
ACCELERATIONS ON AEROPLANES IN FLIGHT. 


By G. F. C. Starze, Sc.D., F.R.S., and F. A. Linpemann, Ph.D. 


Presented by the SUPERINTENDENT, Royal Aircraft Factory. 


Reports and Memoranda (New Series), No. 376. September, 1917. 


SUMMARY.—lIn order to determine the maximum “ lift ’’ force demanded 
from the wings of any type of aeroplane during a flight, or in any special 
Manoeuvres, an instrument was designed to give a record from which the 
“lift ’’ force can be found at any instant. It is found that all the ordinary 
Mmanceuvres can be carried out without this force exceeding four times 
the weight of the aeroplane. 


1. Introduction—The work described in the following pages 
was undertaken in order to obtain reliable information as to the 
factor of safety, which should be employed in the design of 
members taking “lift ’’ forces in aeroplanes. An instrument 
was designed which records the value of the “lift ’ force in 
terms of the weight of the aeroplane at each instant. The 
detailed design of the final instrument is not completed, but a 
short description of the instrument used in the experiments 
here described is given, so that the results of measurements 
taken in actual flights may be the better understood. 


Up to the present, actual measurements have been made 
principally in flights in a B.E.2c. Measurements in other 
machines are now being carried out. 


2. The acceleration of a body can be calculated, when its 
position relative to fixed bodies can be determined at every 
instant, but a purely kinematical method is not available on an 
aeroplane in flight for the measurement of acceleration, though 
it is used in the “‘ speed course ”’ for the measurement of velocity. 
The acceleration of a body can, however, be found by the aid 
of Newton’s second law of motion, according to which the 
acceleration of the body in any direction is proportional to the 
force acting upon it in that direction. The acceleration of an 
aeroplane in any direction can, therefore, be found, if we can 
measure the force required to cause a body to move with an 
acceleration equal in magnitude and direction to that of the 
aeroplane. 
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The simplest method of carrying this out would be to use a 
spring balance in the form of a massless spring AB, supporting 
a mass M at the end B. By the extension of the spring, the 
force Mf on the body can be found, and so the acceleration f, 
of the end A, of the spring, can be calculated. 


Since, however, the acceleration will not, in general, remain 
constant, the position of the mass relative to the end A of the 
spring will not be invariable. Consequently, unless precautions 
are taken, there will be vibrations of the mass, which will prevent 
us from estimating at any given instant, the acceleration of the 
end A of the spring. 


To make the method practical, the motion of the mass must 
be sufficiently damped, so that, if, for instance, the acceleration 
of the end A is suddenly changed from /, to f,, the length of the 
spring shall change from /, to J, almost abruptly, without a 
series of many intervening oscillations. If the changes of 
acceleration to be studied occur in brief intervals of time, it is 
further necessary that the undamped periodic time of the system 
of mass and spring, when the end A is fixed, should be as short 
as possible. But a practical limit is set to the smallness of the 
periodic time by the fact that, the smaller this time is made, 
the less is the extension of the spring for a given acceleration. 
If the extension can be optically magnified, the periodic time 
can be correspondingly reduced. 


3. Description of Instrument.—In the accelerometer designed — 
at the R.A.F., the spring balance takes the form of a semi-circular 
arc of glass fibre, about 1/100 millimetre diameter, the radius 
of the semi-circle being about 1-3 centimetres. In the standard: 
position of the accelerometer box, the natural plane of this semi- 
circular fibre is horizontal, or at least would be if the instrument 
were used in measuring the acceleration of a passenger lift. The 
position of the box in an aeroplane is described in section 9. The 
two ends of the fibre are fixed relative to the box, and the rest of 
the semi-circle is free. The fibre thus combines the functions 
of both the spring and the mass, in the spring balance described 
above. 


If, now, the box has a vertical acceleration upwards, the 
glass fibre will lag behind, until the elasticity of the fibre is called 
into play sufficiently to provide the force required to produce 
the acceleration. 


The fibre has an undamped periodic time of about 1 /20 second, 
and its motion is highly damped by the viscosity of the air. 
It thus takes up very quickly a definite position corresponding 
to the acceleration of the box. 


The volume of air in the box is, roughly, 1,500 cubic centi- 
metres, and, as it was thought that the vibrations communicated 
to the box by the aeroplane engine might cause gusts ‘in the air 
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inside the box, which would, in their turn, disturb the fibre, 
the fibre has, therefore, been mounted in a cell provided with 
suitable windows, and containing only a few cubic centimetres of 
air. This cell serves the additional purpose of protecting the 
fibre from injury. 


Light from a metal filament electric lamp is concentrated by 
a condensing lens upon the vertex of the semi-circle, viz., the 
part furthest from the diameter, the direction of the central 
ray being vertical. A microscope lens, about 1-5 centimetres 
in focal length, whose axis is horizontal, forms an image of the 
illuminated fibre on a vertical plate. The image formed on this 
plate is a horizontal line about 1 centimetre in length. The 
plate has a vertical slit in it 4 millimetre in width, and behind 
the slit is a kinematograph film. If the film were stationary, 
the illuminated fibre, if at rest, would give rise to an image on 
the film in the form of a very narrow horizontal line } millimetre 
in length. But the film is drawn steadily past the slit by clock-_ 
work, and thus any motion of the fibre, due to varying accelera- 
tion, is shown as a curve on the film. 


The distance of the film from the fibre is about 11 centi- 
metres, and thus the microscope objective is used under approxi- 
mately the optical conditions for which it is designed, with the 
result that a good image is obtained. As the distance of the 
image from the object is 7-33 times the focal length of the lens, 
the magnification is 5-14. 


As a base line for measurement, a second fibre, short and 
straight is provided. ‘This lies in the vertical plane which touches 
the horizontal semi-circular fibre at its Vertex, and is illuminated 
by the same beam of light. The lens forms images of both fibres 
on the film. If measurements on the film are taken, not from 
the edge of the film, but from the image of the base line fibre, 
any error due to accidental motion of the film itself perpendicular 
to its length is avoided. 


The current for the lamp is provided by three small accumu- 
lators giving 6 volts. <A 4-volt lamp is used, but it is found 
necessary to overload it to obtain sufficient actinic effect to give 
good records when the acceleration is changing rapidly. The 
accumulators are attached to the box itself, but terminals are 
provided so that an independent battery can be used if desired. 
The instrument is not entirely unaffected by “‘ vibrations,”’ for 
these involve accelerations rapidly changing in direction and 
magnitude. But if the accelerometer box is held by an observer, 
or is strapped to the body of the pilot, the record of a steady 
horizontal flight is a line practically straight and free from 
sinuosities, when the air is not “ bumpy,” thus indicating that 
the vibration due to the engine does not disturb the record. 
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4. Calibration.—The instrument is easily calibrated. The 
box is first placed on a horizontal surface so that the natural plane 
of the semi-circular fibre is horizontal, and the clock is allowed to 
run for 5 or 10 seconds. The box is then turned upside down, 
and is replaced on the surface, and the clock is again allowed to 
run. The distance measured perpendicular to the edge of the 
film between the two images on the film corresponds to twice 
gravity. A third position in which the plane of the semi-circle 
is vertical, may be used. The image obtained in this position 
corresponds to zero acceleration in a space free from gravity. 


5. Sensitiveness.—The deflexion, 2 em., of the vertex of the fibre 
from the horizontal plane through its ends, due to the action ot 
gravity, is given by 

Zhe OO aes 


where r cm. is the radius of the semi-circle, acm. is the radius of the 
section of the fibre, and C is a constant for the material of the 
fibre. When a fibre has been drawn (ari electric heater is used), 
its diameter, 2a, can be measured by a microscope, and thus 
the radius, 7, can be chosen so as to give any required value for z. 
The fibres so far used in the accelerometer have given deflexions 
on the film of from -25 to -4 centimetres for gravity. The value 
of C, in the case of glass, is 4:9 x 107122. 


6. Periodic Tiume.—It can be-shown that, for a fibre of 
diameter 2a centimetres bent into a semi-circular arc of radius r 
centimetres, the periodic time for vibrations perpendicular to its 
plane of equilibrium is Br?/a, where B is a constant for the 
material. By observing the deflexion due to gravity in the 
case (1) of a glass fibre bent into a small semi-circle, (2) of a 
steel wire of known diameter bent into a semi-circle of 25 centi- 
metres radius, and by observing the periodic time of the steel 
wire, it was estimated that B is approximately equal to 0-000,012 
for glass. 


7. Whirling Arm Experiments.—Experiments have been made 
with the accelerometer attached to a small whirling arm. The 
natural plane of the semi-circle is parallel to the axis of revolution 
of the arm, and is also perpendicular to the plane containing that 
axis and the centre of the semi-circle. By a balance weight 
fixed to the other end of the arm, the centre of gravity of the 
system is adjusted to be on the axis. If the system revolves 
with uniform angular velocity about a horizontal axis, the 
difference in the resultant force experienced by a particle of 
mass m when (1) at its highest, (2) at its lowest point, is 
independent of its distance from the axis, and of its angular 
velocity, and has the value 2mg. Thus the record will be a 
wave line, the height from the crests to the troughs of the wave 
always corresponding to 2g. The angular velocity was varied 
from about 3 revolutions per second to zero, but the height from 
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crest to trough was found to remain constant, thus showing 
that, up to 3 revolutions per second, the damping of the fibre 
does not prevent the accelerometer from recording, on the proper 
scale, accelerations which go through three cycles per second. 


In the second experiment the arm was made to turn about 
a vertical axis. The current for the lamp was brought in by 
one bearing and out by a brush pressing on the axle. The 
system was given a large initial angular velocity, which gradually 
diminished on account of friction and air resistance. By a key, 
the current was switched on for 5 revolutions of the arm, then 
was switched off for 5 revolutions, and so on, and the time of 
each motion of the switch was noted on a watch. A curve 
showing how the angle turned through by the arm depended 
upon the time was then drawn. The slope of the tangent to 
this curve gave A, the angular velocity. If R is the distance of 
the plane of the semi-circle from the axis of the whirling arm, 
the acceleration of the fibre is RA?. The curve obtained on the 
film showed that the deflexion was proportional to A?, and the 
displacement of the image on the film due to gravity was calcu- 
lated to be -42 centimetres. Calibration by the method described 
in (4) gave -44 centimetres as the displacement due to gravity. 
Considering the difficulty of the experiment the agreement is 
satisfactory. 


8. Future Work.—The designs of an instrument embodying 
the improvements suggested by experience are now in prepara- 
tion. Two microscope lenses, with their axes pointing to the 
slit will be used, the angle between the axes being about 30°. 
One lens will be used to form an image of the accelerometer 
fibre on the slit. The other we propose to use for forming on 
the slit the image of a fibre actuated by an air speed indicator 
diaphragm. In this way we hope to obtain on the film simul- 
taneous records of the acceleration and the air speed. 


The use of two lenses would allow the instrument to record | 
other pairs of quantities at the same time, as, for instance, 
pressure and temperature, or accelerations in two perpendicular 
directions. 


9. Use in Aeroplanes.—In an aeroplane, the accelerometer box 
is fixed relative to the aeroplane so that the natural plane of the 
glass fibre is horizontal when the aeroplane is flying in a straight 
level course. 


Though the instrument is called an accelerometer, and would 
measure accelerations if gravity did not act, it does not always 
measure the actual acceleration directly when gravity does act. 
What it actually does measure we now go on to discuss. A 
particle of mass m, moving with the aeroplane, is acted on by 
two forces; one is mg, its weight, and the other is the force 
exerted on it by the aeroplane. This latter force can be equated 
to the resultant of three mutually perpendicular forces, viz., 
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mf, parallel to the longitudinal axis of the aeroplane, ?.e., parallel 
to the engine crankshaft, mf, parallel to the wings, and mf 5 
perpendicular to both mf, and mf,. It is only the last of these 
components; mf,, which has any appreciable effect upon the 
particles of glass fibre in the way of causing that deformation 
of the fibre which gives rise to a deflexion of its image on the 
film. The deflexion of the image from the line corresponding 
to zero acceleration in a space free from gravity (see 4) is pro- 
portional to mf;. If this deflexion is z centimetres, and that 
due to gravity as found in the calibration is fh centimetres, then 
fg = gz [h. 

Now the wings of the aeroplane do for the aeroplane body 
what the aeroplane has been supposed to do for the particle. 
For the present purpose we may neglect the aerodynamical effect 
upon the body. Then, if the mass of the aeroplane body is M, 
the force exerted on it by the wings in a direction perpendicular 
to the plane of the glass fibre is Mgz /h. 


Thus, to this approximation, if the deflection of the image 
from the line for zero acceleration and zero gravity is measured, 
the force exerted by the wings on the hoay. in the specified 
direction can be calculated. 


When an aeroplane is flying horizontally at its normal speed, 
its longitudinal axis is horizontal. In this case, if the mass of 
the body is M tons, the force exerted by the wings on the body 
is M tons weight in the direction corresponding to f,. But, if 
the record on the film shows that, for instance, in coming out 
of a nose dive, there was a maximum value of z which is n times 
h, then we know that the maximum force which the wings exerted. 
on the body in the direction of f, was nM tons weight. The 
records so far obtained have not given any values of n exceeding 4. 


10. Resulis of Measurements on a B.H.2c.—The illustration 
shows a number of records from the accelerometer when record- 
ing the variations of the “lift ’ force on a B.E.2c during various 
manoeuvres. ‘I'he horizontal lines serve as a scale for the “ lift ’”’ 
force, each space corresponding to g; the intervals between the 
vertical lines correspond to 5 seconds. . All records read from 
left to right. 


The small deflexion A is due to a turn at a bank of about 
45°; B was due to a steeper turn, some 60°, C to a very slow 
turn at about 20° bank, and D to a very steep turn. In each 
case the speed was about 60 m.p.h. 


Records E and F represent the effects of stalling snddentel 
E at 80 m.p.h., F at 85 m.p.h.. The “lift ’’ force increased 
rapidly as the nose of the machine rose; it then diminished 
in the course of about 2 seconds to a value which remained 
steady at about 0-4g for 12 seconds. During the latter interval 
the nose went down, and the machine gathered speed. 
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Records G and H were obtained on loops. In the first loop, 
started at 95 m.p.h., the “lift ’’ force reached about 3-2g at the 
start, then diminished to about 0-lg at the top, and increased. 
again to nearly 2g on the machine coming out of the loop at 
the end of 15 seconds. The maximum loading in H was only 
about 2-8g, and the minimum zero, but this was a slow loop, 
starting at 87 m.p.h. 


Records I and J show the effect of rolling the machine. Ona 
B.E.2c this manceuvre cannot be carried out very successfully, 
as it is difficult to prevent the nose of the machine going down. 
This explains the large accelerations, 2g and 2-3g, as the machine 
came out of the roll. The point at which the machine is upside 
down is well marked, and it is worthy of note that the B.H.20 
can be turned over on to its back in about 3 seconds. The 
time for a scout machine is not much less, but the force which 
has to be applied to the control stick is, of course, much smaller. 


Records K and L show the “phugoids” resulting from 
pushing the nose down at 85 m.p.h. and 75 m.p.h. respectively, 
and then leaving go of the controls. The damped sine curve 
is well marked, the period being 17 seconds. 


In M and N, and also in O and P, the results of pushing the 
control stick rapidly backwards and forwards are shown. 


The acceleration in a spinning nose dive of some 2,000 feet 
at 55 m.p.h. is shown in Q. - It will be seen that the “lift ’ force 
never exceeded twice the weight of the machine. 


Record R was obtained in an ordinary spiral; it shows that the 
“lift ’’ force may be considerably greater than twice the weight 
of the machine. The ratio of “lift”? force to weight gradually 
increased to about 2-8 as the spiral was made steeper; the 
airspeed was 70 m.p.h. 


Record S shows the accelerations due to gusts of wind. 
These appear to be such that the “lift”? force varies from -5 
to 1:5 times the weight, in ordinary bumpy weather. This 
means that the accelerations experienced by the aeroplane vary 
from -5g downwards to -5g upwards. The wind velocity was 
about 30 m.p.h. at 1,900 feet, at which this record was taken. 


The landing is shown in T. It is seen that even a good land- 
ing with an oleo gear gives rise to considerable accelerations. 


The two lines on the records, corresponding to the images 
of the two fibres, are clear and distinct, but the film itself shows 
“fogging ’’ in places. This is due to causes which can be 
removed by securing better photographic conditions. 


fAug., 1919. The diagram in this Report has been prepared from a 
tvacing of the original record of the moving fibre. Other diagrams, repro- 
duced entirely by photography, are given in R. and M. No. 469.] 
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INVESTIGATION OF THE DOWNWASH BEHIND 
A BIPLANE. 


By C. G. D. Sanpison, H. Guavert, and J. H. Jonss. 


Presented. by the SUPERINTENDENT, Royal Aircraft Factory. 


Reports and Memoranda, No. 426. March, 1918. 


SuMMARY.—(a) Iniroductory (veasons for ingquiry).—Reports and 
Memoranda No. 156 (Section IV) contains an exploration of the downwash 
in the region of the tailplane of a B.E.2c machine, but, apart from this 
series of experiments, no data were available for determining the variation 
of the downwash at different points or for estimating the magnitude of the 
body interferences. The experiments of R. & M. 156 were also carried 
out at one angle of incidence only. 


(b) Range of investigationThe downwash has been explored behind 
a biplane structure in a central plane at right angles to the span at angles 
of incidence from — 4° to + 20° in general, and to + 40° in one particular 
case. The downwash was measured by setting the tailplane at the no 
lift angle. The effect of the interference of a pusher and of a tractor 
body has also been investigated. 


(c) Conclusions—The downwash is found to decrease exponentially 
with distance from the biplane and to have a maximum value behind 
the upper wing. An empirical formula has been found which is applicable 
throughout the region in which the tailplane is likely to be placed. The 
interference effect of the bodies was found to be small, except at very 
small distances. 


(d) Applications and further developments——Further experiments are 
needed to find out whether a change of wing section would cause any 
appreciable effect on the generalised conclusions of this report. The 
wide region through which the downwash exists seems to indicate that, 
for downwash measurements, 3” x 18” aerofoils are about the largest 


size which can be tested in a 4-ft. channel without interference from the 
walls. 


1. This report deals with a comprehensive investigation into 
the distribution of the downwash behind a biplane structure 
with and without body interference. For this purpose two 
brass aerofoils (3” x 18”) of R.A.F.6a section were used, arranged 
as a biplane of no stagger and unit gap-chord ratio. The region 
investigated was the central plane at right angles to the span 
of the wings and extended from close up to the wing structure 
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to a distance of three chords behind it. The investigation was 
carried out over a range of wing incidence from — 4° to 20° in 
general, and to 40° in one position. A number of the experiments 
were also repeated with the addition of an F.E.2 and a B.E.2: 
body. In all three cases the lift curve of the combination, was 
obtained for comparison, with the downwash results. The method 
of determining the downwash angles was to mount a tailplane 
(2”-5 x 9”) on a spindle and adjust its position to that of no 
lift. It was considered that this method of investigation would 
give values which would be directly applicable to full-scale aero- 
planes, as it would mean out any variation of downwash angle 
and curvature of the lines of flow over a region of the proper 
size. For points close to the wing structure a rafwire was sub- 
stituted for the tailplane to eliminate interference effects. Cor- ° 
rections were made in all cases for the interference effect of the 
model stand on which the aerofoils were mounted. All experi- 
ments were made at an airspeed of 60 it. /sec. (v] = 15) in a 4-ft. 
wind channel. 


2. The curves of lift coefficient against angle of incidence 
(Fig. 1) show that the presence of a body reduces the maximum 
lift coefficient very slightly, but that otherwise the effect is 
very small. In converting the measured lifts to absolute co- 
efficients the same total wing area was used in all three cases. 
It follows that to a good approximation the lift of a tractor or 
pusher body can be allowed for by assuming the lift coefficient 
of the wings to be unaltered, while the wing area is increased by 
the section, of the lower wing which is cut out to admit the body. 
This method, however, might cease to apply if any gap were left 
between. the lower wings and the sides of the body. The addi- 
tion of this fictitious wing area might also prove satisfactory 
as a first approximation in allowing for the increased drag of 
the body due to wing interference, but this point needs further 
investigation. 


3. The values obtained for the downwash angles are given 
in Tables 2-4, and are exhibited in Figures 2-6. The position 
of the reference point is determined by the co-ordinates x and y, 
where x is the distances in inches behind the trailing edge of the 
aerofoils, measured parallel to the chord, and y is the distance 
in inches below the upper wing. The general form of the curves 
shows that the downwash is consistently higher behind the upper 
than, behind the lower wing in all positions, but close to the 
biplane structure a maximum occurs between the two wings. 
The interference effect of the model stand is, however, more 
important for small distances from the biplane, and in con- 
sequence these results are less accurate than those at greater 
distances. The effect of the presence of the bodies is small, 
except quite close to the wing structure. From these results 
the curves of Fig. 7 have been deduced, representing the varia- 
tion of the downwash with depth at a distance of 7 inches, and 
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the variation with distance midway between the wings. These 
curves show clearly that the downwash decreases as the reference 
point recedes from the wing structure, or passes from the level 
of the upper to that of the lower wing. It has been found 
possible to represent the variation of downwash behind the 
wing structure by the empirical formula 


e = €, 10— 9-056 —0.08¢ 


where ¢ and € are the distances x and y expressed in multiples 
of the wing chord and gap respectively. It is hoped that it 
will be possible to use this empirical formula for different 
biplane arrangements and for different wing sections by suitable 
choice of the quantity <,. The values of this quantity are given 
in Table 5. A suggested method of applying the curve to other 
wing sections is to change the scale of abscisse and ordinates in. 
the ratio of the maximum lift coefficients. This would leave 
unaltered the form of the curve, and also the values of ¢<, at the 
values of k, for which the relation between ¢«, and k, is linear. 
The curve drawn in Fig. 10 would form the basis for applying 
the results in the method suggested. The empirical formula 
only applies for the region directly behind, and at some distance 
from, the wing structure (7.e., 1 > ¢€ > 0, & > 1), but this region 
covers all probable positions of the tailplane of an aeroplane. 
The empirical formula can also be used to determine the form 
of the streamlines, the equation obtained being 


0.08¢ __ —0.00140E __ OE ete 0. 05€ 
10 C10 35:8 8 10— 


where C is a constant which is determined when one point of 
the streamline is known. 


4, A wider region was investigated at a distance of 9”:8 
from the midpoint of the wing structure. These measurements 
were made in a plane at right angles to the wind direction and 
at two angles of incidence. The results are shown in Fig. 8 
and approximate to curves of the type y=ae”. It is of 
interest to note that the integrated areas over the whole plane 
are approximately in the ratio of the corresponding lift co- 
efficients. The downwash angle is still noticeable (about 1°) 
at a distance of four times the chord or two-thirds of the span 
above and below the biplane. Symmetrical curves have been 
drawn through the observed points, and these seem to agree 
well, except at the apex of the curves. 


The downwash was investigated up to 40° wing incidence 
at one point (x7 = 9, y = 1-5). The form of the curve obtained 
(Fig. 9) bears a very close resemblance to the usual type of lift 
curve of an aerofoil, and its maximum occurs at the stalling 
incidence of the biplane. 


5. It is thought that it will be possible to use the results 
given in this report as a standard basis of comparison for the 
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downwash angles found in full scale or model experiments, and 
that they will indicate the variation to be expected in the slope 
of the downwash curve for different positions of the tailplane. 
The empirical formula leads to the determination of the stream- 
lines, and will give some indication of the height at which the 
centre line of the propeller slipstream strikes the fin and rudder. 
This determination is of considerable importance in estimating 
the turning tendency of an aeroplane. 


TABLE 1. 
LIFT COEFFICIENT | OF THE BIPLANE. 


Angle of Incidence. Wings alone. se Ege a Wings padeaed 

— 4 — 0°046 — 0:033 — 0:040 

0 + 0:094 + 0°100 + 0:098 

+4 0°224 0°229 221 

8 0°334 0°340 0°330 

12 0°443 0°444 0°436 

16 0°513 0°496 0-499 

18 : 0-494 0°473 0°492 

20 0°475 0°462 0°482 

TABLE 2. 


DOWNWASH DUE TO WINGS ALONE. 
Airspeed 60 ft. /sec. 


Angle of Incidence (degrees). 


Co-ordinates of 
Reference Point. 


ee Y. | — 4, | 0. 4, 8. 12. 16 20. 
9” (meet Osa Sa aD, S75) 724 7°8 6°6 
LeeO Ouse SG |) 53. -.6-7- | 7:0 61 
955 | —-12/ 12 | 33 | 5-1 62 62 5:5 
HO est? te 31 PED ober) SiN 51 
7 0 =—09) 1:8 3°9 6:1 79 |) 8'5 70 
150 OO ee ames om 5G f.7-2" | 7-5 |) 6-5 
300 |; 12 | Es sm ise | 6-551. 6-75.) 5-9 
gs ere pesmi 65:0" || 26° 5:5 
4 Oe 08 (ees 4:5 6'5 S79 19'S 7°5 
S401) 03 |). a) A GR ys) sto: 'l) 6-4 
2-35 | 006 | —11| 13° | 50 | 66-| 92°} 101°} 9-1 
Toa sot) 44 76 | 84 | 11-2 | 12:7 | 13-7 
3-42 00| 24 | 47 | 70 | 92-1 9-4 7°3 
1-35 |—0-468| —1-6 |— 0-4 — | 64 | 19-0 | 15-2 |) 20-2 
Pita 20 1r eon, soa} 84 | 132 | 153° | 182 
3:45 | —-22| 26 | 54 | 81 98 98 | 76 
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TABLE 2.—continued. 


Experiments at different airspeeds. 


Co-ordinates of Reference Points—x = 7-0, y = 1-5. 


Angle of Incidence (degrees). 


Airspeed ace a ore : ive 
ft. /sec. 

— 4, 0. + 4, 8. 12. 16. 20. 

60 Ray ove tris Rye ae Ed se? 772 |. 7:5} 65 

55 —(O:9 | 2 1-3-8 5°6 PSihd. i OOS 

40 09 | 18 38 5-6 721 77 1°69 


Note.—z is the distance of the reference point behind the trailing edge of the wings 
measured parallel! to the chord and y is the depth below the upperfwing. 


‘ABER @o. 


DOWNWASH DUE TO WINGS AND PUSHER 
BoD ys } 


Airspeed 60 ft. /sec. 


Corondinates (6% | Angle of Incidence (degrees). 


Reference Point. 


| | | | 
op y- | SNE) ab tO Pe CORT We SO Mel Koad Te aes edt | 20. 
9” 07 | 08 |) “Pat St eS 1) 7-208 Boe by 
1:98 | = 19) Ngee 5: RBS 2) Geass 
B47 jo] |) 2 SO 2 eS ol eb es ee 
ren dies (een en Rol ee ewe 5 aye 8:5 9-2 72 
e280. 1) 0 8 | eee eee od eee eee 
| 35.) —09 |. 17° 1) Sey {Sap oOo he ae de oat 
9-35 |) > 0. 1\— 04d |e 45 Seeded ieee Broce od 
1:30 | —03/] 29 | 70 | 83 | 103 | 124-1 12:3 
358 |'—1:9 |) O1 | 10 | B6 ) "9 se 1 eno) ead 
i135] 003) O05] 14 | 54 | 83 | 123 | 11-8 | 10-0 
1:70 | —2:8,|—0-5. |) 4:8 |) 10:3.) 1430 al Bibel Ss 
|| 332.) 38 }20-54f 27 54 ol igs ie eae 
| | | | | 
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VARIATION OF DOWNWASH WwiTr POSITION 


VARIATION OF DOWNWASH WITH DEPTH BELOW UPPER WING. 
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REPORT N° 426. Gree 
DISTRIBUTION | 
OF DOWNWASH OVER A LARGE AREA. 


MEASUREMENTS TAKEN IN A PLANE AT RIGHT ANGLES TC 
THE WIND DIRECTION AS IN FIGURE. 
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TABLE 4, 


.DOWNWASH DUE TO WINGS AND TRACTOR 
BODY. 


Airspeed 60 fet. /sec. 


Co-ordinates of | 


Ci (Skea Poe Angle of Incidence (degrees). 
a =r ee nee: Pelee tle 20 
Fee 0-040) 0:91 et Sik ae Sa So let Sih: FSi sew GA 
URES? Vial SPOOR Yes leash a teks ey A amore ny oa a ME 
3:50 | —1:2 ) 1:1 27 | 4:0 50 51 4-7 
Bos aoe) 0 oS | se SG acho .7:90 12 Se7 tlt FG 
1:98 | Shee oe ae | c5-G 7-0. .| > 71 6:5 
3-00 | 1313 3-4 5-2 62 | 6-4 5°8 


NorTre.—~< is the distance of the reference point behind the trailing edge of the wings 
measured parallel to the chord, and y is the depth below the upper wing. 


TABLE 5. 


VALUES OF «,. 


| Kize | kz /roax ky. 


(degrees). | | Ep. | eo /max. ky. 
0 | 0-094 0°183 2°1 4°] 
+ | 0-224 0°436 5°6 10°9 
8 0°334 0°65 8°2 16°0 
12 0°443 0°86 10-2 19-9 
16 | 0°513 1:00 10°6 20°7 
20 0°475 0:925 a2 179 
i a ao em ee Sal cand andl eel enacts nee ee mae 
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THE LONGITUDINAL CONTROL OF AN AEROPLANE. 


By H. Guaverr, of the Royal Aircraft Establishment. 


Seat: 


Presented by the DrrEcTOR GENERAL OF AIRCRAFT PRODUCTION. 


Reports and Memoranda, No. 470. May, 1918. 


SuMMARY.—(a) Introductory. (Reasons for Inquivy.)—In view of the 
difficulty of pulling certain types of aeroplanes out of a dive an investiga- 
tion has been made into the general character of the problem of longi- 
tudinal control showing the effect of the size of the tail plane and the 
position of the centre of gravity on the force necessary to hold an aeroplane 
in different flying attitudes. ‘ 

(b) Range of the Investigation—Calculations were made for a fictitious 
aeroplane consisting of a monoplane main structure to obtain the force 
on the control column and the elevator angle in all attitudes. The varia- 
tions considered comprised (a) change of position of centre of gravity, 
(b) change of tail setting, (c) change of tail area. Calculations were made 
both with engine on and gliding. 

(c) Conclusions——The forces necessary to control the aeroplane at 
high speed are large unless the tail setting is adjusted to trim it in this 
attitude. With the centre of gravity far back this force becomes a large 
pull and the aeroplane may be dangerous to fly. 

The forces are all reduced if a smaller tail plane is used, but the load per 
square foot on the tail plane is increased proportionally. For any par- 
ticular wing section it should be possible to choose the centre of gravity 
and the tail plane area so that the force on the control column never rises 
too high and that the tail plane is not unduly stressed. The effect of 


shutting off the engine will also be of least importance when the control 
forces are small. 


1. The object of the work described in this report has been 
to obtain the variation of the force on the control column and of 
the elevator angle to hold an aeroplane in different attitudes 
with varying positions of the centre of gravity, with varying size’ 
of tail plane, and with different tail settings. For this purpose 
a fictitious aeroplane has been considered of weight 1,800 lbs., 
and wing area 240 sq. ft., so that the forces are of the same magni- 
tude as for a scout. The wing characteristics were taken from 
model tests on a R.A.F. 14 monoplane wing at lv 10. The 
values used are shown in Figs. 2and 3. Tail planes of two different 
sizes (40 and 25 sq. ft.) have been used, their characteristics being 
derived partly from model and partly from full scale tests. The 
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setting of the tail plane relative to the wings was varied over the 
range — 2°-5 to + 2°-5. The lift coefficient curves are shown in 
Fig. 4, and the moment about the hinge of the elevators at 100 
_fip.s. (M) was taken to be 


— 1-40’ — 3-0y for the 40 sq. ft. tail plane, 
and 
— 0-70’ — 1-5y for the 25 sq. ft. tail plane, 


where 0’ is the angle of incidence and 7, the elevator angle. The 
moments of the weight of the elevators were taken to be 6 and 3 
Ibs. ft. respectively. The tail planes were assumed to be half 
in the propeller slip stream. 

Other numerical data used were :— , 
h = 0-3, 0-4 and 0-5 of chord along chord. 


C.G. coefits. 
feet k = 4 of chord perpendicular to chord. 


Ratio of length from C.G. to tail plane to chord of wing 


l 
b = ih 


Resistance at 100 f.p.s., r = 100 Ibs. 


Downwash angles, from model tests as in Fig. 4. 


740 Ibs. at 80 f.p.s. 
Thrust of propeller ; 610 ,, 120. ,, 
SsOiene de PEGG 


2. The notation used in the analysis is given in full in the 
appendix to this report. Writing K for the moment coefficent 
of the wings about the centre of gravity, so that 


K =k, +hk, +k kz, 
the equations determining the motion are as follows :— 
(1) key =k, + 3K, 


the effective lift coefficient of the aeroplane being the sum of 
the lift coefficients of the wings and tail plane. 


(2) k, V2? = 8160 cosa, 
resolving at right angles to the flight path. 
kg +001748 
ky - WwW 
to determine the inclination of the flight path. 
(4) 0°’ =O0+Y¥ —e, 


to give the tail incidence in terms of the wing incidence, tail 
setting and downwash. 


Ceiba oe —— 
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Peer AK 
(5) ky = 3 A'S 
to give the tail lift coefficient in terms of the moment coefficients 
and slipstream factor. 


(6) F=MSV?104*+ weosa, 


which determines the force on the control column from the speed 
and the tail plane characteristics. 


V is the velocity in f.p.s. and the gearing is supposed to be 
such that the force on the control column in lbs. is numerically 
equal to the moment about the hinge of the elevators in lbs. ft. 


The effect of the engine is allowed for by means of the thrust 
T in equation (3) and of the slipstream factor 8. The lifting 
effect of the propeller and the effect on the downwash angles are 
small and are neglected. 


3. Speed and rate of clomb.—The speed and rate of climb of 
the aeroplane in any attitude depend slightly on the position 
of the centre of gravity owing to the changing tail lift, but the 
effect is almost negligible. The values given in Table 1 and Figs. 
5 and 6 correspond to the most forward position of the centre of 
gravity (kh = 0-3). They are independent of the tail setting, 
as a change of tail setting only changes the distribution of load 
between the tail plane and elevators. The only point of interest 
is the rapid rise of the speed and of the loss of height gliding 
near no lift (angle of incidence — 2°). This is the point where 
the aeroplane dives vertically at its terminal velocity. 


4. Tail settengs to trum.—Table 2 and Figs. 7 and 8 give the 
tail settings necessary to trim in different attitudes from 0° 
to 16° wing incidence with different centres of gravity and 
different tail areas. To trim near stalling a large negative 
tail setting is required, but this angle changes very rapidly with 
change of attitude. With the centre of gravity forward the aero- 
plane will dive when the engine is shut off, and with the centre 
of gravity back it will tend to stall. Both these effects are due 
to the decreased velocity over the tail plane when the engine 
is shut off, and appear in the equations as a change in the value 
of S. With the centre of gravity in its forward position there 
is only one trimming attitude for a given tail setting within the 
range considered, and this will be a position of stable equilibrium. 
With the centre of gravity further back two positions of equili- 
brium may be obtained, a stable one near stalling and an unstable 
one at a higher speed, 7.e., at a smaller angle of incidence. The 
effect of reducing the tail area is mainly to increase the required 


angles of tail setting, and has no appreciable effect on the type 
of the curves. 
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5. Force on control column and elevator angie.—Tables 3 to 8 
and Figs. 9 to 16 give the force on the contro! column and the 
elevator angle to hold the aeroplane in different attitudes. The 
results are given for three positions of the centre of gravity, 
two sizes of tail plane and for two different tail settings in each 
case. The analysis is continued to large negative angles of 
incidence with the engine off. 


The most noticeable characteristics of the force diagrams is 
the sharp peak which generally occurs at an incidence of — 2°. 
This corresponds to the terminal velocity of the aeroplane, 
all the forces being accentuated owing to the large velocity at 
this point. For a very stable aeroplane (C.G. forward) this 
gives a large negative force, 2.e., a push on the control column, 
so that it may be impossible to force the aeroplane into this 
attitude or at any rate to hold it there when the speed has risen 
to its full value. This condition is exemplified in many stable 
aeroplanes which are impossible to dive steeply for any length 
of time, e.g., the B.E.2c, F.E.2b, De H.2. For an unstable aeros 
plane (C.G. back) this large force at terminal velocity may be 
a pull as in the case of Fig. 11, tail setting 2°-5. In this case 
the aeroplane may become dangerous to handle, for if the aeroplane 
gets into a steep dive the pilot may not have sufficient strength 
to prevent it turning over on its back and assuming its stable 
position of equilibrium at a negative angle of incidence. An 
example of this dangerous type of instability is the De H.6. 
With the smaller tail plane (Fig. 14) the necessary pull does not 
rise to such a high value, and so the aeroplane will be easier to 
handle in this respect. On the other hand, the load per sq. ft. 
of the tail plane will be higher for the small tail plane. 


The elevator angles show no very marked peculiarity. Larger 
angles are required with the smaller tail plane, but these do not 
reach the limit usually possible on an aeroplane except quite 
close to the stalling attitude or at a high negative angle of inci- 
dence. An example of the large elevator angles required with 
a small tail plane and a forward C.G. is the R.E.9, which becomes 
difficult to land without a large amount of weight in the passenger’s 
seat. It is impossible to float along just over the ground with the 
engine off after the speed has dropped below about 50 m.p.h. 
owing to the elevator control being insufficient as regards the 
angle obtainable. The necessary angular movements are much 
smaller with the engine on than when gliding. 


5. The choice of the best position of the centre of gravity 
and of the best size of tail plane appears to be limited by the 
following considerations :— 


(1) If the centre of gravity is far forward and the aeroplane 
is very stable, it will require considerable forces on the 
control stick to hold the aeroplane away from its trim- 
ming attitude, and there will be a considerable download 
on the tail plane. 
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(2) If the centre of gravity is far back the forces will also 
be considerable and the aeroplane may be dangérous 
to handle at high speeds, but this latter difficulty may 
be overcome by trimming the aeroplane at a very 
low speed (cf. Fig. 11). 


(3) The forces can be reduced in all cases by fitting a smaller 
tail plane, but this will increase the load per sq. ft. 
and so can only be carried out to a limited extent. 


The best arrangement of those examined in this report appears 
to be the case with centre of gravity at 0-4, tail area 25 sq. ft., 
and tail setting 0°. The aeroplane is then in trim at 57 m.p.h 
with engine on, and at 53 m.p.h. gliding. The force does not 
rise above 5 lbs. except near the stalling point where it reaches 
about 15 lbs. and at large negative angles of incidence. The 
aeroplane is in fact almost neutral throughout its flying range. 
The elevator movement also is not excessive, and a range of 20° 
on either side would be sufficient to hold the aeroplane in any 
flying attitude. The load per square foot on the tail plane 
is less than 2 lbs. over the greater part of the range and only 
reaches 7 lbs. at the terminal velocity. With this arrangement 
the aeroplane is stable gliding with a period of 11 seconds and 
engine on with a period of 13 secs. 


6. The period of longitudinal oscillation has been estimated 
by the method developed in T.1038. The results are given in 
Table 9 and Fig. 17 shows the difference with engine on and off 
in one case, assuming the line of thrust of the propeller to pass 
through the centre of gravity of the aeroplane. With the centre 
of gravity at 0-3 the aeroplane is stable throughout the flying 
range, but in the other two positions the machine becomes unstable 
at high speeds. The aeroplane is stable near the stalling point 
for all conditions. 


Note.—The numerical results of this report cannot be applied directly 
to any definite aeroplane as allowance must be made for the effects of the 
arrangement of the biplane structure on the position of the centre of 
pressure, &c., but the general conclusions as to the effect of the movement 
of centre of gravity and change of tail plane area on control forces still hold 
good. 
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APPENDIX. 


NOTATION USED IN THE ANALYSIS. 
(See also Fig. 1.) 


total weight of aeroplane. 

wing area. 

tail area. 

weight moment of elevators about hinge. 
thrust. 

slipstream factor. 

$ (1 + R/R,). 

resistance at 100 f.p.s. 

C.G. coefficients. 

wing chord. 

distance from C.G. to C.P. of tail plane. 
lift coefficient. 

drag coefficient. 


normal force coefficient of wings. 
longitudinal force coefficient. 

moment coefficient. 

lift coefficient of tail planes. 
moment of air forces about elevator hinge at 100 f.p.s. 
ky, thk, +h &,. 
effective lift coefficient of wings, allowing for tail lift. 
angle of dive. 

angle of incidence, 
angle of tail incidence. 
angle of tail setting. 
angle of downwash, 
elevator angle. 
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TABLE 1. 
SPEED AND RATE OF CLIMB. 
C.G. at h = 0-3. 
‘Anolelot Sete rete of climb, Sere of pea 
a ed, m.p.h. ngine on. mgine off. 
Incidence. eS tee Ft. ae min. Ft. me min. 
a uaty 62 2980 
— 20 653 2750 
— 16 68 2500 
5b 714 2200 
— 8 79 2040 
= 16 933 2640 
— 4 132 5580 
4 216 18050 
0 123 — 960 3270 
+ 2 90 + §890 1310 
4 74 1180 790 
6 65 1240 650 
8 59 1210 570 
12 53 1080 610 
16 52 520 1130 
18 soe + 190 1460 
20 . 54 | — 170 1770 
TABLE 2: 


TAIL SETTINGS TO TRIM IN VARIOUS ATTITUDES. 
(1) Tail area 40 sq. ft. 


Angle Tail settings with engine on. Tail settings, gliding. 
f | 
Tnejienee! : | 
h=0:3 h=04 | h=0-5 h =0:3 he0e of b= 0-5 
| kg Phe “ 

0 —0'5 0°6 7 —0°9 04 | 7 
2 = 0:7 24 — 20 Whih 1O°Sionk a3 
4 —1°6 0°5 Cmte ed 07 4:5 
6 —2°4 +0:0 Pot TS Names a" 04 — 5:2 
8 SE bey 2-0 “jonstgayh Ma giqimcn wes S 

12 ~65 | 8:4 245204 bone as 2 

16 —11°3 — 80 —4°8 — 14°8 —7°3 | 0°4 

(2) Tail area 25 sq. ft. 
Angle | Tail settings with engine on. Tail settings, gliding. 
f 
Tacienes 
h=0:3 | h=0-4 h = 0°5 h=0:3 h=0-4 h =0°5 

Wie oars mek 210) ah ose oo | 22 
Zz | —1:9 | 0-9 3°7 LS B24 0°8 | 5°0 
4 ; = 23 4 ae | 4°5 | —4:3 1‘8 7°8 
6 —31 | 0°8 4°7 , — 56 2°1 10°5 
8 —-40  +0°'3 4°7 | —7:2 2°2 mre 

12 —69 | —1°9 + 2°9 | —10°2 +. 1°4 — - 

16 —122  $—6:9 —1°7 — 169 —A4'8 ee 

LL 
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TABLE 3. 
FORCE ON CONTROL COLUMN WITH ENGINE ON. 


| 
| | 


Angle of Incidence. 


Tail C.G. irate ee 
area. coefft. | setting. 0 2 4 6 8 12 16 
40/ 03 '—2°5 ;—30 | —13 | — 7 0 5 20 | 43 
ee 0 7 10 12 15 19 32) be 55 
b 255 44 33 30 31 33 44 | 66 
0-4 |—2:5 | —45 | —29 | —22 | —16 | —10 4S p26 
| O}|}—-9/— 6|/— 4 0 44 ei 1 Geno 
2°5 va! 16 14 15 18 28 | 49 
05 |—-25 | —59 | —43 | —36 | ~30 | —24 | —10] 11 
| QO | —24 | —21 | —18) —15 | —11 PAG 3). 
| 25 13) 1|/-—<4 1 3 Lave 127, 
25 | 0°38) |—2:5. 4) — 971) 4 3) Sad g 4 I} |24 
| hen 11 9 8 10 129) 12,1830 
0-4 |—2°5 |—20 | —15 | —13 |—10/— 8|/— 1]. 11 
| Oj;—2/—4;/—4]-— 3;- 1 Bi 7 
(Swen eee 4) 167 Gt 1 awe 12 ese [ed 
12:5 Se On Oe mand eG Ia 10 
TABLE 4. 
FORCE ON CONTROL COLUMN GLIDING. 
Tail area = 40 sq. ft. 
Ce: 7 
coefficient. me Mee VS 
Tail setting. — 2:5 0 — 2-5 0 0 2°5 
amigas OE eae | | 
25 — = —- ; — — 28 — 26 
— 20 mae ws LL —— a — 44 5 aot 
— 16 — — 62 =s AR) 2.40 — 94 ay) 
—12 — 54| —44 SS) be 227 12 eo 
g — 8 == 8402 3.22 sa I8i| == .7 eS) ee LO 
g —) 6 — 37 | — 20 2 ee 5 9 25 
AS — 4 — 58| —24 Seo kOe 8 36 
g ee —115 |) —25 OR er 32 erB0s) | 51 
i 0 eg Oa teal a OA wD el Oech 
r + 2 ye ee 12 tL?) 1 23 — 18 0 8 
© Ae eh, 2 | 13 OOS et) suEs 
oe 6 6 | 14 ee Saitek 416 ae, 
< 8 4 16 aoe CaN 0 “Lats Bs: 
12 [4594 20 Se ee! eh, = 
16 26 31 is pe 10 L Dab onl + 4 
18 37 45 =| 20 24 He 9 12 
20 oe oS PA Cie RES GN ee ea, 20 
B38288B BB 
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TABLE 5. 


FORCE ON CONTROL COLUMN GLIDING. 
Tail area 25 sq. ft. 


C.G. J : : 
onite: 0:3 0-4 0:5 
Pail 25 0 sya 0 0 2-5 
setting 
D5 faced _ ee stmt => es 
= 20 ie a. ee oe! I 2216 my ES 
S516 a + $2 4 29 418 2G ma 
ale he Se — 94 — 16 — 11 0 AS 
; 28 — 16 10 8 Dod vt ied 20 
8 — 6 —-16 Soh) ne 4 16 24 
5 med —-28 1G £19 ya ee a 31 
so AO fhm as — 48 ee es 37 
=e 0 se i 12 4 0 12 he 
a a iG) ey 10 += 10 oe = 14 £h7 
a 4 4 9 Sg aes 16 iit 
=A 6 5 9 aay aa — 15 it 
a 8 6 td 4 2C6 8 = 15 at 2 
12 8 11 — 4 = mG: =D 
16 15 1B a ee ae ke 9 =a 
18 22 ee 9 12 Ye bh te) | 
20 noes Po 16 oe 4 5 
TABLE 6, 
ELEVATOR ANGLES WITH ENGINE ON. 
, ; Angle of Incidence. 
Tail C.G. Tail 
area. | coefft. | setting. |—— 
Bas) 2 4 6 8 12 16 
40 03 12:5) 468 (A \ 4 ORGS O21) 80-7) — saan Baro 
0 06 | 00 |—0-'8 |—2:0 |—3°5 |— 85 |—16 
| 25 )—35 |—42 |—-4:9 |—61 |—76 |— 12-6 |— 20 
04. 122-57) $6QA) 6G -GR GeO ms 1 0 ee eee ones 
0 2-OAl bot 168.09, 0-0 — 6-259 Cae ye 
2:5 | 39-90) Gel tae OS #eeG-0' 1 EirA-O el tO aie 
0:5 (= 2'5 4) 87:5 4» 0S yeeS:6 WSO haar 2 6] p40 
0 BB.) | AR derided A alSe8 | nes tee ae) eee 
P25 0:84. 5 Oli G22 0S ei eae eae 
25 OSV—2'5 | 13:6) See 25 RP Ta ee oe a ste a 
0 90°85) 1-0 es 18628 Need aie Oc ieis 
0°4. 44275) | 05-7 265 er G-7 Wi 61 ie 5-2 PY es G7 
0 16% [ed a 26 129 ee TO ie es 
0-5) 0.,| 88:8) 57+) 6-79R 6-59) 906-2 1 Ay eae 
| 2°5 | 04 aH IMATE fim wy eg apes ian es 
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TABLE 7. 
ELEVATOR ANGLES GLIDING. 


Tail area 40 sq. ft. 
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TABLE 9. 


(1) Gliding. 


Tail area 25 sq. ft. 


Tail area 40 sq. ft. 


PERIOD OF LONGITUDINAL OSCILLATION, 


Angle 
poe Lea C.G. at C.G. at 
dence. 
0:3 0-4 0:5 0:3 0:4 0:5 
— 1 160 37°5 —— —- 38°6 — —_— 
+ 1 102 26°4 — — 26°6 — — 
3 80 20°8 —- a 21°0 a oo 
5 69 16°8 — — 17:0 26°9 a 
Fi 61 14°6 — —_ 14°8 20°5 — 
9 57 13°3 33°4 — 132 14°5 90 
11 54 12:0 13°) — 12:0 12°6 14:4 
13 53 Bi | | 11°1 Pir je | yh | 11:2 
(2) Engine on. 
Tail area 25 sq. ft. Tail area 40 sq. ft. 
Angle 
nee Bee C.G. at C.G. at 
dence. | 
l 
0-3 0-4 0°5 0:3 0:4 0-5 
1 a02 38:2 as — 33:3 85 as 
3 80 28'2 — — 26'0 30°0 — 
5 69 19°3 20°3 — 18°6 19:0 19°4 
7 61 16°1 16°5 18°3 15°8 16:0 16:0 
94 57 13°5 13°3 12-7 132 13°1 12°9 
bie 54 12°35 12°0 11°6 12%2 12:0 11°8 
Me 53 ae, i 10°9 1d 2 ie aee ame) 


(ee ™ 
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FULL SCALE EXPERIMENTS WITH DIFFERENT SHAPES 
OF TAIL PLANE. 


By H. GLAvUERT. 


hil 


Presented by the SUPERINTENDENT, Royal Aircraft Vactory. 


Reporis and Memoranda, No. 532. March, 1918. 


SumMMARY.—(a) Introductory.—R. and M. 409 dealt with elevators of 
different size fitted to a standard .R.E.8 tailplane (trailing edge longer 
than leading edge). This report continues the investigation by experi- 
ments on tailplanes of 40 per cent. elevator, but with square and reversed 
shapes. 


(b) Nature of experiment.—The method of experiment was to determine 
the force on the control column and the angle at which the elevators 
were held to keep the machine at a definite trimming speed with different 
tail settings. 


(c) Conclusions.—It was found that reversing the shape of the tail- 
plane with 40 per cent. elevator chord was a greater improvement than 
reducing the elevators to 30 per cent. The square form was intermediate 
between the reversed and standard forms. 


(d) Applications.—To secure lightness of control it appears desirable 
to have tailplanes with small elevator chord and with reduced span at 
the trailing edge. By analogy it would seem probable that the B.E.2C 
type of wing tip would secure a better lateral control than the raked tips 
Oise ak ot Orty pe, 


1. This report is a direct continuation of R. and M. 409, in 
which were given the results of some tests on four different 
sizes of elevators on R.H.8. The experiments dealt with below 
consisted of similar tests on two different tailplanes (Fig. 1). 
The former (EK) was of the same area and chord as arrangement. 
B of R. and M. 409, but with reversed shape. The latter (F) 
was the large square tailplane (65 square feet) which is standard 
for B.H.2C. The method of experiment was the same as that. 
described in R. and M. 409, namely, to fly at some definite 
trimming speed with three different tail settings and to note the 
force on the control column and the angle at which the elevators 
were held. It was impossible to make the series of observations 
as complete as was desired owing to the breaking of the 
aeroplane. 
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2. The method of analysis is based on a linear variation of 
the tail lift coefficient and hinge moment with angles of incidence 
and elevator. These quantities are related by the equations 


k’, = a0’ + by. 
M =cO’ + dy. 
Where’ 0’ is the angle of incidence of the tailplane. 


7 the elevator angle. 
k', the lift coefficient of the tailplane. 
M the hinge moment at 100 f.p.s. 


The results of the analysis on these lines are given in Table 2. 
A table is also added on the lines of that in R. and M. 409, giving 
the constants as corrected for tailplanes of constant area, the 
results of the earlier tests being added for comparison. It should 
be noted that the square tailplane I does not strictly belong to 
the series formed by the other tailplanes, but its characteristics 
nevertheless appear to be intermediate between those of B and 
E, which have approximately the same percentage elevator 
chord. 


3. The criterion adopted for testing the efficiency of any 
arrangement has been the product of the force and elevator 
movement required to produce a definite manceuvre when the 
areas of the various tailplanes are adjusted to give equal stability 
with elevators free. Table 4 has been prepared on these lines, 
and corresponds exactly to the similar table of R. and M. 409. 
From the figures obtained, it appears that the reversed tailplane 
is the most satisfactory form, and that the improvement secured 
over the standard R.E.8 type of the same percentage elevator 
chord is greater than that obtained by reducing the elevators 
from 40 per cent. to 30 per cent. The square tailplane, as would 
be expected, is intermediate between the standard and the reversed 
types. The values obtained from changing the trimming speed 
from 75 to 65 m.p.h. with engine on are less reliable than, those 
obtained by shutting off the engine owing to the small quantities 
involved. 


4. The conclusion derived from these results is that for the 
same percentage elevator chord it is advantageous to have 
the trailing edge shorter than the leading, so as to secure a shape 
of the type E. It would seem that the same form would also 
be preferable for wing tips. To secure lightness of control 
the effect of moving down a flap or elevator should be to increase 
the lift predominantly on the fixed part of the wing or tailplane. 
Any part of the control surface which projects beyond the fixed 
surface would therefore appear to be inefficient in this respect, 
and it becomes desirable to have tailplanes and wing tips which 
are either square in shape or cut away to a slightly shorter trailing 
edge. ‘Tests are required, however, to confirm these conclusions 


FIG I. 


532. 


4 


“GENDAGTIPL IBLNSWISadxS 


REPORT N 


a 
iO 
Fy 
@ 
Oo 
0 
< 


THE LIBRARY 
OF THE 
UAITERSITY OF HLAROIS 


655 


in the case of wing tips. The only other evidence at present 
available is that the original $.E.5 which had 21° raked tip was 
reported from Martlesham to be heavier on lateral control than 
the standard 8.E.5a, which has much squarer tips. 


TABLE | 


DETAILS OF ELEVATORS. 


Elevator. 
Total tail 
and | 
elevator | Weight 
area. Area. Chord. Weight. moment 
about hinge. 
Sq. ft. Sq. ft. Ft. Lbs. Ft.-lbs. 
Bia 30% 15°8 1:38 124 5°7 
Ec latel 394 14°] 1°38 114 4°2 
F | 654 27°0 lao 19 11°8 
TABLE 2. 
CHARACTERISTICS OF ELEVATORS. 
k’, = a0’ + by 
M = c0’ + dy 
Where M is the hinge moment at 100 f.p.s. 
0’ is the tail incidence. 
7 is the elevator angle. 
a be — ad be — ad 
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TABLE 3. 


TATLPLANES OF EQUAL AREA (46 sq. ft.). 


Type. | b | c | d 
A 22° rake, 30 per cent. elevators | 00084 0 —1°3 
Bah ue ey ae ¥ " 0:0112 — 14 —31 
Cae in, eau ip * 0:0124 — 25 — 49 x4 
Dy Ce eG y a 0:0139 —47 — 6°95 ;] 
E type B reversed : 00100 | 0 — 12 
F square, 40 per cent. elevators 0:0085 — 05 —12 
TABLE 4, 


TAILPLANES OF EQUAL STABILITY. 


The machine is supposed to be trimmed at 75 m.p.h. 
(engine on). 


Type. 


AAOOWP 


To trim at 65 m.p.h. To trim at 75 m.p.h. gliding. 
ere ee erat) eyeOr Ee ca cee 

— 0°°6 0°7 0°4 — 3°'8 2°5 9°5 
—0°°7 1°5 10 — 2°°4 5°3 12°7 
— 0°7 2°2 15 — 2°0 7°4 14°8 
— 0°8 3°7 3°0 —1°°5 11°5 17°3 
— 0°5 0°6 0°3 — 3°°2 2°2 71 
— 0°°8 1°0 0°8 — 2°8 3°0 8°4 


— so a  — 
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THE FULL SCALE DETERMINATION OF THE PITCHING 
MOMENT OF A BIPLANE. 


By 8. B. Gatss. 


Presented by the SUPERINTENDENT, Royal Aircraft Factory. 


Reports and Memoranda, No. 400. December, 1917. 


SUMMARY.—(@) Introductory. (keasons for inquiry.)—The caiculation 
of the stability and tail setting of an aeroplane depends on a knowledge 
of the centre of pressure of the wings. Comparatively little information 
exists as to the centre of pressure of biplanes of various forms. Experi- 
ments were therefore carried out to measure this directly in flight. 

(6) Range of thé investigation.—By hingeing the rear) portion of a 
B.E.2E to the rest of the aeroplane, the moment about the hinge of 
the air forces on the rear portion was measured in flight. This enables 
the wing moment to be calculated independently of downwash ant tail 
efficiency. Three wing sections—R.A.F. 14, R.A.F. 15, R.A.F. 18—were 
tested in this way. The results are represented as a moment coefficient 
about the nose of the “‘ mean chord.” 


(c) Conclusions.—The results for R.A.F. 14 and R.A.F. 15 show that 
the method of estimating the centre of pressure of a full scale biplane 
from wind channel tests of model monoplanes and not from model 
biplanes is unsatisfactory. Application of the R.A.F. 14 results to 
stability experiments on R.E. 8 (which has very much the same wing 
arrangement as B.E.2E) gives a curve of downwash angles, which suggests 
that the angle of downwash is very nearly proportional to lift coefficient. 


1. In the analyses of trimming speeds and of the longitudinal 
period which have previously appeared in Reports Rh. & M. 
No. 326, it was found that the accuracy of the experiments 
was not such as to provide a good determination of the wing 
pitching moment simultaneously with downwash and ggtail 
efficiency. Moreover, even if the accuracy could have been 
improved, the equations would still have remained somewhat 
indeterminate. The results of these calculations have, therefore, 
up to the present contained all the inaccuracies which follow 
from the use of a wing pitching moment estimated from that 
of a model monoplane. These errors will arise from three 
main causes :— 


(1) Scale effect proper. 
(2) Interferences on the full scale machine. 


(3) Illegitimate assumptions of the mean chord theory, 
as explained in R. & M. 326. 
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From the results of the experiments to be described in the present 
report, the first two of these errors disappear automatically. 
These experiments, so far as they are now reported on, do not, 
it is true, throw any further light on the validity of the mean 
chord assumptions. In other words, there is no evidence that 
k,, for R.A.F. 15 wing section, as shown in Fig. 9, represents 
the moment coefficient about a calculable point for wings of the 
same shape as those here tested, but of variable stagger, gap- 
chord ratio and plan form. But it will be seen that the error 
(3) is now eliminated in the sense that the results of this report, 
used in conjunction with full scale lift and drag curves, do enable 
us to calculate with tolerable accuracy the pitching moment 
about any point for wings of the particular stagger, gap-chord 
and plan form arrangement here tested. 


2. The machine used for these experiments was a B.H.2k. 
The device adopted was that of cutting the body into two parts 
at the rear of the pilot’s seat and securing the rear part by means 
oi a hinge and wires whose tension was measured from the 
observer's seat. The hinge was at the bottom of the body 
immediately behind the pilot’s seat. ‘The two supporting wires 
were, led from the rear spar of the tail up to a bracket about 
4 feet high which was attached behind the pilot’s seat to the 
rear portion of the body, and thence down and by means of 
pulleys to an ordinary pointer-and-dial spring balance in the 
observer’s seat. Two electric contacts were fitted, one on each 
part of the body slightly above the hinge, and were connected 
to two small electric lights, one on each side of the observer’s 
balance. The observer tightened the wires by means of a turn- 
buckle below the balance, until contact was just established. 
From the balance reading then taken and the calibration of the 
instrument, the moment round the hinge of the air forces on the 
rear portion of the machine could be immediately deduced. 
For a discussion of the calibration see § 9. <A sketch of the 
instrument is given in Fig. 1. 


3. The actual method of experiment consists of steady flight 
in a straight line at speeds ranging from 40 to 110 miles per hour. 
It is found to be immaterial to keep either height, angle of flight 
path, or engine power constant from speed to speed. ‘The reduc- 
tion adopted is in fact independent of engine and propeller per- 
formance, except in so far as full scale drag curves are used. 
But this is a second order effect. A flight at any given speed 
lasts from 30 to 60 seconds. The pilot holds the machine at 
the speed required, keeping it as constant as possible. At the 
beginning of the run, height and temperature are taken ; in the 
middle, balance reading and airspeed; and at the end, height 
again. ‘Ihe accuracy is found to be such that two, or at the most 
three, series of such runs are sufficient to establish the moment 
curve of any one section. 
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4. The principle of the mathematical analysis is simply that, 
for steady motion in a straight line, the total pitching moment 
on the aeroplane about any point fixed in it is zero. The pitch- 
ing moment is made up of moments due to air forces, gravity, 
and the propeller thrust. The weight, the centre of gravity, 
and the air moment on the hinged part of. the aeroplane are 
measured directly. The thrust can be calculated from the rate 
of climb and the known drag coefficients of the machine. For 
the subsidiary moments we are dependent on wind channel 
experiments, corrected for slip stream where necessary, and this 
is undoubtedly the weakest part of the determination. The 
wing moment is the difference between zero and all the other 
moments. It would, perhaps, have been most natural to reduce 
the experiments on a hinge moment basis, instead of working 
with moments round an arbitrarily chosen point, especially as 
the latter necessitated one or two extra wind channel tests of 
body lift and drag. It was found, however, that since the hinge 
point was at a considerable distance from the centre of pressure 
of the wings, the centre of gravity and the line of thrust, the 
quantity actually calculated was somewhat clumsily exhibited 
as the small difference of large quantities. The point about 
which the moments are calculated was therefore arbitrarily 
chosen on the line of thrust, and near the mean positions of 
the centre of gravity and the centre of pressure. It will be 
remarked in this connection that so far as the drag and thrust 
moments are concerned, the accuracy will be much the same 
whatever point is used. For, leaving out of account that part 
of the thrust which balances the resolved part of the weight 
along the aeroplane’s path, it is roughly true that the thrust 
and the total drag form a couple. 


5. The results for the sections R.A.F. 14, 15, 18, with which 
wings the aeroplane has been fitted in turn, are each exhibited 
in three forms. First, in Figs. 7-9, as £,,, the moment coefficient 
about the nose of the mean chord. This is the standard form 
from which moments are calculated, but it has the disadvantage 
in this case of giving an estimate of the accuracy of the experi- 
ment which is somewhat illusory. The reason for this is that 
the quantity actually measured, expressed as a moment co- 
efficient, is never more than 0-04, which is less than half the 
possible value of k,,. 


Next, in Fig. 10, the moment coefficient K about the arbi- 
trarily chosen origin is plotted. This is a good criterion of 
experimental error, since considerably more than half of K is 
usually derived directly from the balance reading. 


Finally, in Fig. 11, the centre of pressure is given. It cannot 
be too much emphasised that this is not to be taken, without 
further evidence, as representing with any accuracy, the centre 
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of pressure of a monoplane. It merely defines the point in which 
the resultant force on the biplane intersects a certain line, whose 
position and length are calculated as explained in R. & M. 326. % 


6. The model (monoplane) moment coefficients for R.A.F. 14 
and R.A.F. 15 are plotted in Figs. 7 and 8 with the full scale 
values; for, although this is not a strict comparison, it shows 
the order of error to which previous calculations involving 
moments have been subject. 


The broad result of comparing the various curves for R.A.F. 
14 and R.A.F. 15 is that previous conceptions of their relative 
characteristics are confirmed, but there is a large difference in 
absolute values. Thus it remains true that a R.A.I’. 14 biplane 
is more stable than R.A.F. 15 at low lift coefficients and less 
stable at high lift coefficients; and also that the centre of 
pressure, as defined in §5, is always further from the nose of 
the mean chord for R.A.F. 14 than R.A.F. 15. On the other 
hand, all the values of £,, are now seen to be less (negatively) 
than the model values, as are also all the values of dk,, /dk,. The 
difference in k,, has a mean value of 0-015 for R.A.F. 14 and 
0-03 for R.A.F’. 15, the difference in each case increasing with 
lift coefficient. The difference in dk, /dk, has a mean value of 0-03 
for R.A.F. 14 and 0-055 for R.A.F. 15. Thus these wings are 
found to be less stable, and to have a range of movement of 
centre of pressure which is nearer to the nose of the mean chord 
than was previously supposed. The difference in stability can 
be demonstrated by considering it in terms of the movement: 
of the centre of gravity of the aeroplane. At high speeds, where: 
the differences in dk, /dk, are larger than those given above, the 
centre of gravity would have to be 2-5 inches further forward 
in the case of R.A.F. 14, and 5 inches further forward in the 
case of R.A.F. 15, to give the same degree of stability as before. 
No model test is available for comparison with the R.A.F. 18. 
curve. This lies between R.A.F’. 14 and R.A.F. 15 and has. 
much the same slope as R.A.F. 14. The shape of the section is. 
intermediate between R.A.F. 14 and R.A.F. 1 


In R.A.F. 15 there seems to be a definite tendency for the 
slope to become less (negatively) at low lift coefficients, but 
this tendency does not occur in the other curves. 


The values of k,,, dk,,/dk,, and centre of pressure coefficient. 
for the several sections are given in Table 8. 


Tables 5, 6, 7 contain the calculations. 


7. The details of the analysis are as follows, all moments 
being measured with the usual sign convention. 


Since the moment of the hinged portion is mainly due to 
the tail forces, the first step is to obtain the lift T of the tail. 
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The calibration of the balance gives the relation between 
the balance reading (R) and the air moments on the rear portion 
(M) in the form 


M = «,(R 8) : ey - : ancl) 


a and 6 being constants. 


Then if M, is the moment about the hinge of the rear portion 
of the body alone, M, is the moment about the hinge of sundry 
parts attached to the hinged Da (bracket, tail skid, fin, &c.), 
we have 

1 
T = 5). + Ms —™) ° : ° - (2) 
the distance between the hinge and the mean centre of pressure 
of the tail (taken at one-third of the chord behind the leading 
edge), being 11 feet. 

The next step is the determination of k,. The inclusion of 
as many subsidiary lifts as are at present calculable, makes 
this part of the work a somewhat elaborate adjustment between 
two equations. In addition to the tail lift, we include 

L, the lift of the whole body, 

L, the lift of the landing gear axle, 
and the resolved part of the thrust along the lift axis. The 
latter may be written P . 7/180 . (@ — 3-5) where P is the thrust, 
@ the incidence, and the thrust line is inclined at 3-5° below the 
chord. , 

Then, if the inclination of the flight path to the horizontal 
which is calculated from the gain in height per second, be written 
«, the lift equation becomes 


kyp AV? = Weos a — |'T +L, +1, Pie, (0 — 3-5) | (3) 


This equation is indeterminate until P is known, since in 
addition to the term containing P, L, and A must both contain 
the slip stream factor R/R,. We are therefore led to the sub- 
sidiary equation obtained by equating the thrust to the total 
drag plus the resolved part of the weight along the flight path. 


Now P may be written in terms of the momentum theory 
0-6 - D2-0-00237 v, (vp + V,) 


where D is the ote diameter, and v is the slip stream Speed, 
and the suffix o refers to indicated speed. 


Now let 7,, 7, be the head resistance respectively in and out 
of the slip stream a unit indicated speed, and let A,, A, be the 
corresponding quant ities for the wing area. Then we have 


P =0-6 ; D-20: }0287 v, (vp + V,) = 11 (Yo + Vo)? + ToVo 
+ 0-002377,| Ay (v. + V.)? + A,V,"| + Wsin «. 
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Reducing this, and writing 


p =~ =(R/R}t — 1, 


we get a quadratic in p of the form 
W 
p? (a, + by ka) + plan + b, Ra \oct Ga ata Da pee ww 


of which the positive root gives the slip stream speed, and hence 
P and R/R,. 


== Oi ay 


Approximating successively between (3) and (4) we can 
without much labour find values of 


ky, 0, Tee R/R,, AS L,, 13 
to satisfy both equations. 


We are now in a position to take moments about the arbi- 
trarily chosen origin O. This is defined with respect to the mean 
chord by the usual co-ordinates h, k; and the centre of gravity 
is defined with respect to axes through O parallel and per- 
pendicular to the mean chord, by the co-ordinates x and z (feet), 
z being measured positively upward. ‘Then, if 


Kb 9 AV? be the wing moment about O, 


M, be the body moment about O, 
M, be the subsidiary moment about O, 
and 
1 the distance between O and the mean centre 
of pressure of the tail, 


we can write 
Kb 9 AV? =1T —M, —M, — W|2x cos (0+ a) -+28in (0 + a)| (5) 


Writing W = k, e AV? (so that, except for the flight path inclina- 
tion, k; is the “‘ effective k,’’), this becomes 


Deel ie en pig gh ts era ey 
K = Ww 5 |ze0s (0 +) + 28in 0 + 2)| 
= X + Y (say) : ; : : 3 ape} 


Finally, the transference from K to the more familiar km 18 
effected by the equation 


Ki ee deal: eles | ee yo as a ed 


8. The various subsidiary moments and lifts which occur in 
the above equations were either calculated (as in the case of 
struts, wires, &c., and parts of the hingeing gear) from standard 
curves of resistance or, as in the case of the body, they were 
derived from special ‘wind channel tests. 
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The former, which are represented in M, M,, and L,, are 
easily disposed of. L, the axle lift was taken from strut tests 
to be 2-6 lbs. per degree incidence at 100 f.s., and this has since 
been confirmed by a wind channel test. 


M, and M, are the sums of a large number of small moments, 
each with its appropriate slip stream factor. Strictly speaking, 
these are functions of the incidence. But a calculation of their 
values at the extremes of the range of incidence showed them 
to be both roughly constant, and having regard to their relative 
unimportance they are taken to be represented with sufficient 
accuracy by the formule 


M, = — 0-0058 V,2, 
M,=  0-0160 V,? 
V, being in miles per hour. The details appear in Tables 3 and 4. 


The wind channel tests on the body from which M,, M,, 
and L, are derived, present much greater difficulty. The errors 
and uncertainties in this part of the work arise in two ways. 
It is impracticable at present to measure forces and moments 
in the Royal Aircraft Factory wind channel with a propeller 
running. The corrections which had, therefore, to be applied 
to the results of the model body tests to allcw for slip stream 
effect were two, of which one could be little more than a guess. 
The first, which allows for the deflection of the air by the 
slip stream, assumes, in accordance with the theory given in 
R. & M. 326, that the incidence of the slip stream itself is changed 
from 0 to a me where y is the inclination of the thrust line 
to the chord and p = v/V. 


The second correction is to allow for the average increased 
velocity in the slip stream. The results of R. & M. 326 showed 
that the effect of the propeller slip stream on a tractor body 
was to increase its resistance in the ratio of about ? R/R, 
(R/R, being calculated from momentum considerations). There 
_ is no evidence as to whether the lift or the moment of the body 
are aflected in the same way. The factor ? R/R, seemed as 
likely to be true as any other, and has been applied. The 
measurements were made on a one-twelfth scale model and were 
corrected for change of incidence and for slip stream speed, as 
indicated above. These results are embodied in M,. ‘The 
results of the wind channel tests are given in Table 2. The 
error involved in k,, is discussed in the next paragraph. M, 
the moment of the rear part of the body about the hinge calls 
for little comment. Jt is so small as to be almost negligible, 
and is corrected for slip stream in the same way as M,. 
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8. The probable values of the more important errors are 
dealt with briefly in turn below. 


(a) Calibration of the balance.—This was done by supporting 
the front part of the body on trestles and reading the balance 
at various arrangements of the signal lights and with a series of 
weights on the rear spar of the tail. By this means the weight 
moment of the hinged portion was automatically eliminated. 
The only difficulty to be contended with was an effect of friction 
at the hinge which first appeared in some of the later experi- 
ments when the bearings had rusted. It was noticed that with 
any given tail load, if the turnbuckle was turned until one light 
was just on, it required a certain number of turns of the turn- 
buckle in the opposite direction before the light was turned off ; 
and that this interval increased with the tail load. In other 
words, the friction at the hinge was such as to stop any move- 
ment at the contacts until the wires had been considerably 
slackened. As was to be expected, the vibratory conditions in 
flight almost entirely destroyed this effect. This being so, it 
could not be certain that a calibration curve representing any 
particular arrangement of the lights would correspond exactly 
with readings taken under flight conditions. On the whole, 
the best calibration seems to be obtained by taking the mean 
of the four curves corresponding to each light off and each light 
on. Calibrations taken in this way when the tail was vibrated 
by hand show reduced lag and make it extremely probable that 
in actual flight these curves close up to the mean. These remarks 
only apply to R.A.F. 18. For R.A.F. 15, the first section to be 
tested, the effect was not noticed; and for R.A.F. 14 it was 
very slight. It is considered that an outside limit of this error 
in R.A.F. 18 is 30 ft.lbs. in M at a k, of 0-15, and this represents 
a figure of 0-002 in k,,. An example of the calibration curves is 
given in Fig. 6. 


(0) The body moment.—The uncertainty here is the correction 
for the propeller and slip stream. It is considered that an out- 
side limit is obtained by assuming that the full R/R, factor 
should be applied instead of # R/R,. Since the greatest value 
of M,is about 170, this error would correspond to about 9-001 in 
k, and would be greatest at high speeds. 


(c) Flap settings —The flights were, of course, done with the 
control stick central laterally, but it is impossible in practice to 
rig the controls so that all four flaps are level with the rest of 
the wing ot all speeds, though the variation is slight. So long 
as the rigging is the same during all the tests of one wing section, 
we shall get the moment curve of a section which will differ only 
very slightly from the normal section. An opportunity was 
taken during the R.A.F. 18 tests of looking into this effect. In 
the first experiment the trailing edge of the flaps was about 
iz inches below that of the wings. In the second, this difference 
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was less than }inch. The effect on k,, was a constant difference 
of about 0-002. Since this was a rather abnormal difference, 
the conclusion is that ordinary differences in flap settings produce 
variations in k,, which are well within the order of accuracy of 
other parts of the experiment. Inconsistencies would occur only 
when the rigging was altered in the middle of a series of tests 
on one wing section, and this has been avoided. 


(d) The airspeed indicator—The readings of the indicated 
speed are corrected in the usual way in two: steps, the first for 
the actual error of the instrument, and the second for the 
variation from the mean flow at the particular point of the 
machine to which the pitot tube is attached. Of these the first 
is not open to doubt, as the instruments were very carefully 
calibrated, but uncertainties as to the second—‘“the speed 
course factor ’’—led to an investigation in the case of R.A.F. 18, 
of the effect on £,, of the sort of error which it was then thought 
might occur in the speed course factor. [It was assumed that 
the correction was wrong to the extent of about 1 mile an hour 
at 45 miles per hour and 3 at 100; and it was found that one 
and the same curve could be drawn through the points calculated 
on this assumption, and those calculated with the accepted 
speed course factor. The effect had been to move the points 
up and down the curve. This rendered it very unlikely that 
any error in the speed course factor will be seriously reflected 
in k,,. Further than this, the uncertainty that had remained 
has since been much diminished by speed course experiments 
which, repeated after a lapse of time, certainly show that speed 
course factors are not unreasonably subject to variations in 
weather conditions. 


(e) The full scale drag curve-—The wing drag coefficient enters 
the calculation at two points. In equation (4) of § 7, which 
determines R/R,, any error in ky will affect the lift coefficient 
at a given speed, 


(1) by a corresponding error in the effective wing area, 
(2) by errors in those subsidiary lifts which depend on 


. 
These effects are both of the second order, and it is estimated 
that an error of 0-005 in ky will make a difference of considerably 
less than 1 per cent. in K over the whole range. The other 
equation through which an error in k, affects the problem is 
(7) of paragraph 7. The error in k, will be of the same order 
as that in k,; and, since h is about one-third the corresponding 
error in k,, due to an error of 0-005 in k, is of the order 0-0015. 


10. A survey of such uncertainties as these leads to the general 
conclusion that the error in k,, as given by these experiments 
may be as great as 0-003, but is probably less. Since this 
probable error is very much less than the difference in k,, between 
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any two of the sections, the comparison between the three 
sections is not seriously affected. 


It may be remarked that the error is also much less than the 
difference between the model monoplane and the corresponding 
full scale biplane k,, curve. 


As an instrument for the scientific determination of k,,, 
however, the method here outlined will admittedly be imperfect 
until the uncertainties discussed above are cleared up. 


11. A rather different comparison is obtained by calculating 
from the full scale results the moment about the nose of a chord 
which differs as follows from the mean chord used in this report. 
It divides the gap between the equivalent chords in the ratio, 
not of the areas of the two planes, but of the area of the upper 
plane multiplied by a loading factor 5 to the area of the lower 
plane multiplied by a loading factor 4. If this line had been 
chosen as the standard mean chord, the assumption would have 
been that the loading ratio of upper to lower plane is 5: 4, and 
is independent of stagger, &c., provided it is also assumed that 
the centres of pressure of the upper and lower planes are 
unaffected by different biplane arrangements. This ratio 5: 4 
was suggested by earlier model experiments. In this instance 
the comparison is as follows :— 


R.A.F. 14. R.A.F. 15. 

Oy) whys dy eae Be ae Model _ 

kz Full Scale. Aigucrisnes Full Scale. Monopliner 
kn kin hyn . kin 

0-1 — 0:0565 — 0:0616 — 0-0343 — 0:0481 
0-2 — 0:0782 — 0:0850 — 0:0514 — 0:0700 
0:3 — 0-0995 — 01065 — 0:0598 — 0:0919 
0:4 — 01181 — 0:1270 — 0-0883 — 01138 
0:5 — 01344 — 0:1470 


It will be seen that the agreement is quite close for R.A.F. 14, 
but it would require a much larger loading ratio to bring the 
R.A.F. 15 results into line. 


A further comparison which is perhaps more to the point 
may be drawn from the full scale pressure plotting results given 
in R. & M. 374. The fact that the moment coefficients there 
given only apply to one section of the biplane (situate about 
8 feet from the centre line) renders the comparison inexact, 
as does also the fact that the pressure plotting was done on 
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B.E.2c wings. The most logical comparison seems to be given 
by using the results of R. & M. 374 to calculate k,, about the 
nose of the mean chord used in this report. The result is given 
in the following table, k’,, being the calculated coefficient :— 


k; kn, Ky 

0-15 — 0:0583 | — 0:0625 
0:2 — 0:0646 | — 0:0718 
0-3 — 0:0847 | — 0:0910 
0-4 — 0:1036 | — 0°1080 
0°5 | —O°1151 | — 0:1229 


This divergence may very well be accounted for by the special 
conditions at the ribs over which the pressures were measured. 


12. Perhaps the most convincing confirmation of the results 
of these experiments is to be found in their effect on the full 
scale determination of downwash. The corrected downwash 
curve for R.E. 8, which has very nearly the same wings as 
B.K.25, pass very near the “no-lift ’ point, and de/d6 is of the 
order 0-5, agreeing very closely with model experiments. 


13. A word may be said as to the further use to which these 
experiments may be put. The ideal procedure would be to test 
each new arrangement of wings on its merits, reserving the mean 
chord as a convenient and standard way of presenting the experi- 
mental results. This is very inconvenient for design purposes, 
and it is proposed to carry out a series of these tests on biplanes 
of varying stagger, gap and plan form, and use the results as a 
basis for a modified mean chord theory. Any such method 
evolved in this way is bound to be more or less empirical, but it 
will rest on a sounder basis than the present one. It may be 
remarked that the experiments can be done very rapidly, four or 
five flights being sufficient, generally, to test one arrangement. 
A set of B.E.20 wings, R.A.F. 14 section, are now being tested, 
and it is proposed to follow these with a similar set with no 
stagger. 
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TABLE 1. 
GEOMETRICAL CONSTANTS. 


) REO VEIN A Ripe) SOTA OR Se, 
Mie. 
Wing area, upper Fis 214 ft.? 214 ft.2 236 ft.? 
lower 146 _,, 146 163 


, total (with | 346 + 14 R/R,| 346 + 14 R/R,| 384 + 15 R/R, 
slip stream). 


Gap Ts Sta By ep ie 6°15’ 6°15’ 
Stagger ... ae ape 22 22. 22° 
Span; upper jee ae 40°75’ 40°75’ 40°75’ 
7 palOwenreteeees ase 30°75’ 30°75' 30°75’ 
Length of mean chord Lalyre be Des 6:02’ 
Nose of mean chord : na yep rent 
h scat Fd ae 0-345 0°345 0:337 
i ip We tr 0:327 0°327 0°294 


1, is distance in feet of nose of mean chord in front 
of nose of lower chord. 
1, is distance in feet of nose of mean chord above 
nose of lower chord, 
the axes being respectively parallel and perpendicular to the 
chord. 
h, k are defined in § 7. 


_ 


TABLE 2. 
BODY FORCES AND MOMENTS. 


Wind channel tests on a one-twelfth scale model B.E.28 of 
body lift, drag, and pitching moment. These results are in 
Ibs. and lbs.ft. at full scale at 100 f.p.s., and are uncorrected for 
slip stream. 

The point about which the moment M of the complete body 
is taken is the point (h, k). 

The moment M’ of the hinged portion of the body is taken 
about the hinge. 


Complete Body. Hinged Portion. 


Wing Incidence. 


| | c 
| L. 1, M. | 
| 


M’. 
155 13 57 492 | ie 
45 24 58 1°73 49 
75° 40 Baie ance cox 
10°5 64 65 beset Sab) ~21 
13°5 88 77 ery 48 


ee ee eee 


ad 


Ce Bote, 
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TABLE 3. 


MOMENTS ABOUT THE POINT (h, £) OF VARIOUS SUB- 
SIDIARY PARTS (M,) IN Lss.Fr. AT 100 Frxrr PER 


SECOND. 
0° Incidence. | 10° Incidence. 
Moments. | Moments. 
Part. - | 
In Slip Outof Slip InSlip | Out of Slip 
Stream. | Stream. Stream. Stream. 
| | | 
Wheels, &. ..| — | —83-0 ne ee 
Landing gear + V struts 409 ae a — 2:8 — 70 
l Axle oe. — | —32°4 — 12°38 
Exhaust pipes... Loan 1:3 2°2 16 
Fin, rudder, &c. 24 | 3 | —.2:3 — 13 
Tail plane — 0:2 — 02 | — 83 — 66 
Tail skid BP —51 | — —15:°0 —-- 
Wing struts, &c. 12°6 39°8 12-0 37°8 
Body struts, &c. 67 | a 7°0 — 
King posts — 50 a aha i 
Hingeing gear ... | 14:2 11°5 8°6 ai 
Totals gers’ Rees |i ¢ Hanon djgeserowe 
TABLE 4, 


MOMENTS ABOUT THE HINGE OF VARIOUS ATTACH- 
MENTS TO THE REAR PORTION OF THE AEROPLANE 
IN Las.Fr. AT 100 FEET PER SECOND. 


0° Incidence. 10° Incidence. 
Moments. Moments. 
Part. wes : 
In Slip | Outof Slip} In Slip | Out of Slip 

Stream. Stream. Stream. Stream. 
Hinge seat as) nen eeeee ate Unie pea) 24°5 225 
Fin and rudder Rey: nee 55 3-1 24 1:6 
Tail plane £13 o r 4°8 3°7 —0°7 — 07 

Tail skid ee, 1-7 pe — 4-8 set 
Totals the ee of 30 21°5 23°5 


The formule given in § 8 are obtained by using these values 
in conjunction with an R/R, of 1:25 at 0° incidence and 2:0 
at 10° incidence. 


z 
Vv 


* 
ts) 


Number | 


(observation)... 


*V,, (calibration) ... 
*V, (speed course) 


Mean height 
Temperature 
Percentage density 


EN Aire) ot ee 
+Gain in height . 


AH ace 
M,, 
M, 
ery 
L, 

Ly 

Pres 
AT 
hee 
R/R, 
DORs 


2G 


— 12 
0°487 
0:0224 
0:0069 
0:0293 
— 0°0365 


— 071140 | 
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TABLE 5, 


0°365 
0-0110 
0°0041 
0°0151 
— 0°0147 
— 071000 


* All speeds are in miles per hour. 
t In feet per minute. 


R.A.F. 14 CALCULATIONS. 


8 
52 
18 
— 7 
37 
411 
375 
0-304 
2°07 
5°4 
77 
— 19 
0-315 
0-0069 
0°0032 
0:0101 
— 0:0079 
— 0:0920 


3:1 
— 53 
12 
62 
11 
— 9 
34 
385 
372 
0:261 
1:86 
4°] 
91 
— 23 
0°267 
0:0028 
0°0022 
0:0050 
— 0:0024 
— 0°0844 
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TABLE 5 (Cont.). 


Number | CMs oe et eo || een ty 10. 
| | | * 
Wee: 1975 1974 1988 2007 2007 
Eee —0:022 —0:021 |—0:019 |—0-038 |— 0-038 
seg ag .. | —O°175 | —0°175 |—0°188 |+0°188 |—0°188 
*V , (observation)... 65 75 92 45 47 
*V, (calibration) ... 65:4 75:0 92-4 44°7 46°7 
*V, (speed course) 67:0 76°8 94°5 45°5 47°6 
Mean height 6915 6990 6140 690 600 
Temperature °C. — 55 — 6 — 4 7 fi 
Percentage density 83:8 83°7 85°8 100°6 101:°0 
SV. ttrue)s<. a 73°2 84-0 102-0 45°4 47°4 
+Gain in height ... 190 20 — 640 — 120 0 
Aen Ace “" 1°7 0:2 — 4:1 —1:7 0 
Me 32 263 872 — 320 — 263 
M, 14 La, 34 — 6 — 3 
M,; 72 94 143 33 36 
eee. 5 — 13 — 63 31°5 27 
bp — 12 — 21 — 41 3°5 ys 
1b ’ 30 25 24 43 43 
Bye 340 318 240 215 276 
tet 369°5 367 364 373 375 
R,..- 0-231 0°181 0°125 0-482 0:442 
R/R, 1:68 1:49 1:26 1-90 2:04 
are 3:2 1°6 — 0:1 11:0 9°8 
M, 102 128 - 174 0 19 
M, — 26 — 34 — 52 — 12 — 13 
Pro: 0°233 0°179 0-119 0:509 0-462 
2, GA 0:0001 | —0:0053 | — 0-0128 0:0244 0:0182 
Whee 0:0016 0:0006 0:0001 0:0064 0:0059 
Ae 0:0017 | —0:0047 | —0:0127 0-0308 0:0241 
ke 0:0007 0:0044 0:0065 | — 0:0447 | — 0:0345 
Ron — 0°0780 | — 0:0685 | — 0:0579 | — 0°1209 | — 0°1171 


* All speeds are in miles per hour. 
t In feet per minute. 


Wi. 


Salat ae 
*V_, (observation) 


Number | 


eee 
oad 
eee 


*V, (calibration) ... 
*V, (speed course) 
Mean height 
Temperature 


Percentage density 
*V (true) 
+Gain in h 


OH ..- 
M,. 
M; 
dss 
L, 
L, 
Pese 
Lats. 
Ry... 
R/R, 


"EES 


anes 


a a 
& 


3 


eight 


°C. 
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TABLE 5 (Cont.). 


a. 


12. 


— 0:0030 
0:0025 
— 0:0005 
00004 
— 0:0813 


13. 


— 0°0631 


* All speeds are in miles per hour, 
t In feet per minute. 


14 | 15 
1960 1959 
—0:026 |— 0-025 
— 0185 |—0-185 
48-5 50°25 
48-2 50-0 
49-1 51-0 
5080 5590 
0:5 0 
87:6 86-2 
52°5 55-0 
463 318 
5-7 3:8 
296 eee 
3 2 
39 42 
31 26 
0 a; 
45 | oes 
473 400 
383 378 
0-389 0-370 
2-60 2:29 
8-1 75 
52 ha 
= 14 Waite 
0-417 0-390 
0-0182 | 0-0141 
0-0053 | 00-0045 
0-0235 | 0-0186 
— 00225 | — 0:0188 
— 01035 | ~ 0°1030 


KS —— - ee 


TABLE 5 (Cont.). 


Number 16. | 17. 18, 
W... 1958 1957 1956 
Meg xe —0°023 | —0°022 | —0-021 
Fete ee ... | —0°185 | —0°185 | —0:186 
*V , (observation)... 52°0 56°75 61°5 
*V, (calibration) ... 51°8 56°8 61°6 
*V, (speed course) 52°9 58°1 63:1 
Mean height ; 6130 6585 6980 
Temperature °C. — 1 —1°5 — 2 
Percentage density 84:8 836 825 
*V (true) 4 57°5 63°6 69°5 
+Gain in height ... 408 392 275 
Kare ae ie 4°6 4-0 2°6 
MS, — 22/ — 138 — 65 
M, 5 9 12 
M, 45 54 64 
haan: 25 18 13 
Ty — 2 — $ — 9 
L, 40 35 32 
Ty ase 430 405 363 
AG. 378 374 371 
Ra esi 0-346 0-295 0-254 
R/R, 2°28 202 1-80 
Opaan 68 5:2 3°9 
M, 62 me) 88 
M, — 16 — 20 — 23 
ke 0-363 0-304 0:260 
De eee 0:0124 0:0068 0:0035 
ora a6 0:0040 0:0029 0:0020 
Koes 0:0164 0-0097 0:0055 
ky — 0°0145 | — 0:0066 | — 0:0016 
Fenn — 0:0982 | — 0:0898 | — 0:0817 


* All speeds are in miles per hour. 


+ In feet per minute. 
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TABLE 5 (Cont.). 


Number 21. | 22. | 23. 24. 


W ape: ey ee ie 1953 1952 1951 1950 
a —0:017 -| —0:016 | —0°014 | —0-013 
z oy ae By --- | —0°186. | —0°186 | —0°187 | —0°187 
*V, (observation) ... re 75°75 81-0 85°25 90°5 
*V,, (calibration) bie “Bic 75'8 81:1 85°55 90°8 
*V, (Speed coutse)” ... Soe 777 83-1 87°6 92°9 
Mean height ... be ee 7165 7075 6800 6385 
Temperature °C. ... ie —25 | —255 — 2 — | 
Pereentaverdensily 2a. 821 824 831. 840 
mV at ere) © ee. Ae ie 85:8 91°6 96:2 101°4 
+Gain in heigh te “i 20 — 150 — 453 — 658 
ot ne ee Ly ra 0:2 —1:1 — 3:1 —4:2 
ieee ‘sas he ae Sch 267 421 595 796 
IV eee tot ee de wy hye fae 25 27 31 
Wie. ae ies ne 97 111 123 138 
a Se ee ses oe — 13 — 26 — 40°5 — 57 
aa i ae a — 22 — 28 — 33 — 39 
eo ee se dee ee 26 24 23 23 
Pp : mG tee 321 296 240 226 
A 367 366 364 363°5 
ky 0°175 0°155 0°14) 0°127 
3@diat, 1:49 1-40 1°30 1-25 
1°4 0:8 0:4 — 0:1 
M 131 145 152 170 
M, — 35 — 40 — 45 — 50 
ey ee ire see sis 0°173 0°152 0:137 0°122 
DG > gabe a ae ..- | —0°0050 | — 0:0076 | — 0:0099 | — 0-0121 
b he ps8 ee e 0:0007 0:0004 0-0001 0:0000 
bh Ray: ee 4c ... | —0°0043 | — 0:0072 | — 0:0098 | — 0:0121 
Ppl ete Soe AF Ap 0:0048 0:0065 
k “ie + 4 — 0:0663 


* All speeds are in miles per hour. 
t In feet per minute. 
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TABLE 6. 
R.A.F. 15 CALCULATIONS. 


Number 1. | 2. | 33 | 4. 5. 
WwW 1956 1952 1948 1946 1944 
Coie a ... | —O°112 | —0°7106 | —0:101 |—0:099 |—0:096 
Po ee sae ... | —0°323 | —0°324 | —0°325 |—0°326 | —0:326 
*V, (observation)... 54 66 59 7Z 48°5 
*V, (calibration) ... 54:0 66°4 59:0 72°1 48-2 
*V, (speed course) 58°6 70-9 63°6 76°3 52°7 
Mean height... 4000 4600 5000 5100 5200 
Temperature °C. 8 8 7 i 7 
Percentage density 88°8 86:9 85:9 85°6 85:3 
wVaitr ie) ae. x 62:2 76°1 68°7 82°5 57°1 
+Gain in height ... 200 80 200 — 130 — 60 
hecase sae ae 2°1 0°7 tas —1:0 — 0:7 
M — 595 — 548 — 603 — 529 — 614 
M,. 8 15 10 16 2 
M,; 55 80 65 93 45 
Tk Say 60 58 62 58 60 
L, —4 — 13 — 8 — 17 — | 
L, 36 32 36 29 34 
eae 320 302 324 259 205 
Yn 372 368 370 366 369 
Recs 0-284 0-198 0:242 0°725 0-351 
R/R, 1-82 1:54 1°70 1-4] 1-66 
Gk. 5°7 3°4 4°6 yA G, 7°4 
M, 67 102 83 Liles 36 
M, — 20 — 29 — 24 — 34 — 16 
Pree 0:300 0:207 0:255 0:179 0:372 
Dee 0:0262 0:0169 0:0228 0:0146 0-0335 
Sa 0:0086 0:0049 0-0065 0:0036 0:0092 
1 Gea 0:0348 0:0218 0:0293 0:0182 0:0427 
k, — 00109 | —0°0011 | —0:0055 0:0010 | —0°0219 
Rn — 0:0596 | — 0:0460 | — 0:0524 |—0-0415 |—0-0711 


——, 


* All speeds are in miles per hour. 
ft In feet per minute. 
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TABLE 6 (Cont.) 


Number | 6. ne | 8. 9. | 10. 
| Teepe 
W... up a 1943 1940 1937 1935 1934 
Kings ba .» | —0°095 | —0°091 | —0°087 |—0:123 |—0°122 
Baie. De ..» | —0°326 | —0°327 | —0°328 |—0°325 | —0°325 
*V , (observation)... 72 83 90 48°7 56°5 — 
*V, (calibration) ... S21 83°2 90°3 48:4 56°6 
*V, (speed course) 76°3 86°8 93-1 VALS 61-2 
Mean height ~ ... 4650 4300 4600 3500 4270 
Temperature °C. 8 8 8 9°5 7°5 
Percentage density 86:7 87°8 86°9 90:0 88:1 
*Vc(trne) +. 5 Bos S271 92-5 99°9 ron: a 65°2 
‘+Gain in height ... — 50 — 250 | — 2000 440 420 
Cais a ne — 0-4 —1°8 — 13-0 5:1 4-2 
i) es — 517 — 408 — 459 — 570 — 580 
M,. 16 eno 20 5 9 
M, 93 Ub; 139 45 60 
gas 57 50 56 56 50 
L, — 17 — 26 — 33 — 2 — 6 
L, 30 3] 18 42 36 
B 284 284 — 125 421 401 
Aa. 366 365 358 378 373 
hy .. 0°1725 0-135 0°1165 0°342 0°256 
R/R, 1:45 1°35 0°85 2°26 1:93 
O san Pad | | Ee 1:2 7:0 4°9 
M, 116 146 110 59 85 
M, — 34 — 44 — 51 | — 16 — 22 
Fax 05179 0:138 0:122 0:359 0:271 
X 00142 0:0093 0:0098 0:0297 0:0231 
¥. 0:0036 0:0023 0:0004 0°0125 0:0088 
K 0:0178 00116 0:0102 0:0422 0:0319 
ky 0:0010 0:0030 0:0038 |— 0:0203 | — 0:0072 
Rin — 0:0420 | — 0:0360 | — 0:0312 | — 0:0690 | — 0:0540 


* All speeds are in miles per hour. 
+ In feet per minute. 


Number 


*V,, (observation)... 

*V,, (calibration) ... 

*V, (speed course) 
Mean height és 
Temperature °C. 
Percentage density 

*Mi(rue)cr. . ate 

+Gain in height ... 
OH see eee eee 
M 


Ly 
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TABLE 6 (Cont.). 


12. 


14, 


15. 


* All speeds are in miles per hour. 
} In feet per minute. 
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TABLE 6 (Cont.). 


W 

x 

z a set 
*V, (observation) 
*V, (calibration) 
*V, (speed course) 


Mean height... 
Temperature °C. 


Percentage density ... 


*V (true) <0 
{Gain in height 


a eee ee 


2 


rags 


@ 


a5 


B 


Rid MS OE 


g 


a a 


Number 16. | ie | 18. 
1957 | 1956 1955 
0107 | —0-106 — 0-104 
— 0327, | — 0328 | — 0-328 
41-0 47-0 54-0 
40°6 46°7 54-0 
44:9 51-2 586 
5420 5650 6000 
5°75 5 4 
85-0 84-4 83-7 
48-7 | 55:8 64-2 
160 | 200 210 
2:1 2:3 21 

— 540 | PSSeA a6 1S 
seri 1 7 
32 42 55 

51 57 61 

3 0 As 

45 40 35 

312 320 320 
378 375 372 
0-466 0:366 0-282 

2:29 2:04 1°82 

10°5 79 5-6 

16 40 67 
eFAg es — 20 
0°504 0°390 0:300 
0:0390  0:0330 | 00266 
00164 0:0117 0:0082 
0:0554  0:0447| 0:0348 
— 00478 | — 0:0248 | — 0-0106 
— 0-0900 | — 0-:0733 | — 0-0590 


* All speeds are in miles per hour. 
} In feet per minute. 
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TABLE 6 (Cont.). 


Number 20 | 21 | 22 | 23 

Wea? =: ae hee Ay 1952 1950 1948 1946 
x tes We ie —0:100 | —0:098 | —0:095 | —0-093 
z va se ar —0°329 | —0°329 | —0°330 | — 0°33] 
*V, (observation) ... 50 64 69 The 88 
*V, (calibration) ae oa 64:3 69:2 Fol 88°3 
ey -Mspeed COutse) ... it 68°8 73°6 82°9 91°3 
Mean height... es oes 6900 6510 5515 4680 
mhemperacurey, Cx) ee 2°5 3 5°5 8 
Percentage density ... “ies 81-4 82°5 84°8 86°6 
*V (true) i naa “ie 76°3 80°9 90-0 98°1 
+Gain in heigh ia “i 130 — 400 — 570 — 880 
o ee iy A e 1°1 — 3:2 — 4:1 — 59 
MAR x, ASS bi ..- | — 584 — 584 — 498 — 373 
Me ess aye ae scr 13 13 19 25 
IES ee a obs be 76 87 110 134 
se oe Ww hs fgg 61 62 5/ 48 
(fe Gee SOR a reel Meme 1S Ald eon Zeal 
i ee Bis oe re 32 26 a7 26 
P oe cat ota ois 310 159 169 152 
AGE os Ms Ae ae 368 364 363 362 
Reais: ‘ey oh Pat 0:210 0:186 0:148 0:123 
Rese: ric ee ou 1:58 1:28 1:24 Let 
) Hee oak aa ay: 3°7 3°1 2H 1:3 
IND cies ay. te a 95 93 122 145 
1 ee ae xe en — 27 — 31 — 40 — 48 
ees = TE eae sh 0:219 0:194 0°153 0:126 
PGR. ah ae ett 0:0190 0:0173 0:0122 0:0081 
ents ms nF et 0:0052 0:0035 0:0024 0:0017 
K 0°0242 0:0208 0:0146 0:0096 


ae 2) Wine | Brie | 00022 |, 2 0:0002'), 0-024 |. 0-0035 
biel) Whelan. (RO 1|"=- 0/0476)" 0:04381), —0:0372 | — 0-0338 


ne a a ea ae aa At ce ec er te eee 


* All speeds are in miles per hour. 
ft In feet per minute. 


W 

x 

*V , (observation) 
*V, (calibration) 
*V , (speed course) 
Mean height... 
Temperature °C. 
Percentage density 
*V (true) ih 
+Gain in heigh 


CF AMS Se We PU CNS ees 
n oO s * S 
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TABLE 6 (Cont.). 


Number | 24, 


0°:0007 
0:0057 
00041 
— 0:0311 


25. 


— 0)-02381 


* All speeds are in miles per hour, 


{ In feet per minute. 


— 0°0513 
— 0:0938 


+ Machine descending too fast for accurate observations of height or temperature. 
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TABLE 6 (Cont.). 


* All speeds are in miles per hour. 


t In feet per minute. 


28 | 29 | 30 | 31 
| 
‘W 2080 2079 2077 2076 
KM —0:293 | —0:291 | —0:289 | —0:288 
z oe ae —0°396 |—0°396 | —0°397 | —0:397 
*V, (observation) 59 fh) 99 115 
*V, (calibration) 59-0 A791 99-4 1 tay | 
*V , (speed course) 63°5 83-0 101-0 114:2 
Mean height... 4610 4790 4650 a 
Temperature °C. ue 7 6 65 | —t 
Percentage density ... 87:2 86°9 87:2 | 88 ? 
*V. (true) oil 68:0 89-0 108-1 122 
{Gain in height 280 40 — 680 | — 2300 
o on st uy 0°3 — 4] — 12:3 
M — 354 — 225 A] 323. - 
M,. 7 Dee 34 40 
M, 65 110 163 210 
iy 39 32 14 — 6 
iy: — 7 — 22 — 39 — 56 
ba 40 35 32 30 
E 376 353 284 45 
A 371 367 364 361 
Fiat ticks « 0-261 0-158 0-110 0-086 
YRS 1-82 1:48 1:26 1-04 
0 5°1 2°3 Let 0-4 
M, 84. 143 195 208 
M, — 23 — 40 — 59 — 76 
hy 0:273 0-161 0-110 0°0865 
D4 0:0138 0-0059 0:0009 | — 0:0018 
ne 0-0174 0-0052 0:0055 0:0032 
Ix 0:0312 0:0151 0:0064 0:0014 
ft, — 0:0079 0:0019 0:0039 0:0045 
Ain — 0:0562 | — 0:0400 | — 0:0327 | — 0:0298 


{Machine descending too fast for accurate observations of height or temperature. 


B3828B 


DD 


* All speeds are in miles per hour. 
t In feet per minute. 


TABLE 7. 
R.A.F. 18 CALCULATIONS. 
Number it | 2. | 3. | 4. 5. 
Wie 1959 1958 1958 1957 1956 
Ai eas as +0108 |+0:109 j;+0:109 0-110 Onin 
2 Masts sal .- |—0°416 |—0-416 |—0°416 |—0°-417 | —0°417 
*V, (observation)... 44°5 46°75 51°5 57:0 61°75 
*V, (calibration) ... 44+] 46°35 51:3 57°0 61°8 
*V, (speed course) 46°5 48°8 53°9 shel 64:6 
Mean height 2570 2940 3315 3755 4185 
Temperature °C. 7°59 a 6°5 6°5 6°25 
Percentage density 93°8 92°7 91°5 90°1 88°5 
PW Neue) ek 48:0 50°8 56°4 G2e0 68°7 
{Gain in height ... 338 362 408 463 408 
are’ So Be 4°6 4°6 4:7 4°8 3°9 
Mie — 566 — 531 — 488 — 425 — 367 
M, 1 3 6 11 13 
M, 35 38 47 57 67 
Aye. 55 52 49 45 4] 
L, 1 — 1 — 3 — 6 — 9 
1b 43 40 38 35 35 
Pees 400 405 406 422 408 
ose 422 420 417 414 412 
Raves 0°391 0°360 0:299 0:248 02215 
R/R, 2°52 2°38 2°18 2°02 1°86 
Oe 8°6 7°8 6:2 4°83 40 
M, 4] 47 65 86 98 
M, — 13 — 14 — 17 — 21 — 24 
By. 0:421 0°385 0°317 0-260 0:223 
ea 0:0306 0:0263 0:0199 0:0145 0:0111 
Mgrs — 0:0007 |—0:0011 |—0:0015 ;—0-0016 | — 90-0019 
Ke an: a 0:0299 0:0252 0:0184 0:0129 0:0092 
ke es ... |—0:0288 | —0:0231 |—0:0129 |—0:0059 | — 0:0022 
k ah ... |—0°0933° | — 0:0893 | — 0:0785 | — 0-0690 | — 0:0626 


Ee 

Pieces ie 

*V , (observation)... 
*V, (calibration) ... 
*V, (speed course) 
Mean height ie 
Temperature °C. 
Percentage density 
SNACLEUC lial te ag 
¢Gainin heiehti/-.. 
Crees fas we 
M, 

M, 

one. 
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TABLE 7 (Cont.). 


— 0°0572 


— 0°0025 
0°0035 
0:0018 

— 0:0540 


0:0029 
— 0°0499 


* All speeds are in miles per hour, 
t In feet per minute. 


0-131, 
0-0013 
— 0-0024 
—0-0011 
0-0037 
— 0:0463 


*V , (calibration) 
*V , (speed course) 
Mean height... 
Temperature °C. 
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TABLE 7 (Cont.). 


Number. 


Percentage density ... 


*V (erie) Phy 
{Gain in heigh 
10.8 eee see 
M 
M, 


t 


$s 


L, 


Se he 
a 


8 bt ed bdo 


a a 


= 


ll. | 12. 
1952 1951 
OEE? 0-119 
— 0-418 | —0-418 
90°5 96°75 
90°6 Sivas 
93°5 100°0 
4475 3985 
6:25 6°25 
87°8 89°4 
99°9 105°7 
— 378 — 705 
— 2°45 — 4°35 
265 443 
30 34 
140 160 
— 9 — 23 
— 33 — 40 
32 32 
215 289 
404 403 
0-1085 0°097 
1°34 ie Ae | 
LZ 0-9 
175 192 
— 51 — 58 
0108 0-095 
— 0:0024 | — 0:0040 
— 0:0033 | — 0:0023 
— 0:0047 | — 0:0063 
00044 00046 
— 0:0429 | — 0:0403 


* All speeds are in miles per hour. 
t In feet per minute. 


~ ae zAa 2 


W 
x 
z 


*V , (observation) 
*V, (calibration) 
*V , (speed course) 
Mean height... 
Temperature: °C. 
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TABLE 7 (Cont.). 


| 
Number | 


Percentage density ... 


*Veeue) am 
+Gain in height 


pogege 


> 


oo 
=. 
Ze) 


i) 


AMD Be ool 


an an 


3.8 


15. 


— 0:0706 | 


* All speeds are in miles per hour. 
} In feet per minute. 


W 
x 
G re Bt 
*V,, (observation) 
*V, (calibration) 

*V) (speed commse) 


Mean height... 
Temperature’ °C. 
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TABLE 7 (Cont.). 


Number | 


Percentage density ... 


* Vertue) ot 
+Gain in height 
M 
M,. 


i.) 


a > 


E 


S 


a & 


AN KS SOA 


a oN 
8 


3 


19, 


20. 


* All speeds are in miles per hour. 
t In feet per minute 


1920 
0°051 
— 0°421 
85°25 
85°55 
88°45 
5225 
— 8 
90°0 
93°3 
— 261 
—18 
203 
26 
126 
— § 
— 28 
31 
312 
404°5 
0:120 
Loh 
1°5 
157. 
— 45 
0-119 
— 0°0019 
— 0:0010 
— 0:0029 
00042 
— 0°4470 
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MOMENTS ARE CALCULATED ABOUT THE POINT O,_ 
FOR WHICH h= 0337, K = OCAS4. 
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TABLE 7 (Cont.). 


Number Dias 


24. 25. 
WwW Pole 2014 2013 
x 0-052 0°095 0-096 
zs re oi — 0-421 |—0-423 | — 0-423 
*V , (observation) 90°5 42°0 44-0 
*V , (calibration) 90°6 41-4 43°5 
*V , (speed ‘course) 93°5 43°7 45°7 
Mean Height 4760 530 330 
Temperature °CGr i... — 8 2 2 
Percentage density ... 91-6 103-1 103°8 
#V (true) ny pes 97'S 43-0 44°9 
+Gain in heigh — 500 — 360 — 200 
a Be — 3°3 — 5°45 —2°9 
M 379 — 598 em tes 
M,. ra — 7 — 4 
M;. 140 31 33 
ae — 19 56°5 56 
Le — 34 + 2 
Ie 30 29 34 
ie 284 38 118 
A 403°5 402 407 
Ry 0-108 0-488 0°426 
1egiaae. 1-31 | ale 1°52 
9 | Ehel 9°5 
M, by — lil 8 
M, = ol — ll — 12 
Ry U0G5) a 0 aL 0-464 
a4 — 0-0039 0°0387 00349 
ve — 0-:0012 |—0°0044 | — 0°0035 
Ik = Ut005 I 0:0343 0-0314 
ky 0-0045 |— 0:0495 | — 0°0355 
heen — 0:0428 |—0:1153 |—0°1005 


* All speeds are in miles per hour. 


{ In feet per minute. 
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FE<S-0 861-0 — S9TT-0 — 96-0 -| 9FI-0— O€>oI-0 — 0S-0 
[66-0 L61-0 — 6<G11-0 — C61-0 DL AOe 9660-0 — OS6-0 SV EO 1061-0 — 8P-0 
LEG-0 961-0 — 0601-0 — F61-0 pS ae 1680-0 — bS<c-0 OS1-0 — IZiCLO 97-0 
6£6-0 SOL Uses SOLO — S6I-0 PLI-0 — 9580-0 — 6S6-0 oS 1-0 — Ly eee vF-0 
1¥c-0 v6I-0 — oLOT-0 — 961-0 EL1-0 — 1680-0 — b9<6-0 FS1-0— CELE I oF-0 
€V6-0 61-0 — €£60-0 — L6I-0 GLI-0 — 9820-0 — 696-0 eed Fee 6L0I-0 — OF-0 
96:0 o61-0 — £860-0 — 661-0 L210 6SL0-0 — $2é-0 091-0 — LYOI-0 — 86-0 
676-0 16g L680-0 — 006-0 OLLOS, SIZL0-0 — 186-0 SOE STOL-0 — 96-0 
€S6-0 OGI-0 — 680-0 — 606-0 691-0 — 7890-0 — 886-0 OLT-0 — c860-0 — v&-0 
LSG-0 681-0 — 1680-0 — F06-0 391-0 — 0$90-0 — S6<6-0 O08 1-0 — L¥60-0 — 6-0 
19d-0 881-0 — €820-0 — 906-0 LOT.0 — L190-0 — GO0E-0 881-0 — 0160-0 — 0&-0 
996-0 88L-0— SvL0-0 — 606-0 S91-0 — ¥8S0-0 — ol€-0 061-0 — 6L80-0 — 8¢-0 
GLG-0 L81-0 — 8020-0 — 616-0 91-0 — ISS0-0 — OGE-0 061-0 — FE80-0 — 96 0 
6L6-0 981-0 — 1£90-0 — 916-0 191-0 8[Sd0-0 — 166-0 061-0 — 0620-0 — vc 0 
886-0 S8E0 = 90-0 — 066-0 oS 0 9870-0 — CPE-0 061-0 — 8$2£0-0 — 66 O 
86<c-0 S8T-0 — L6S0-0 — LGG-9 pe soft UG ea S70) — 096-0 061-0 — 0dL0-0 — 06-0 
LT€-0 v8I-0 — 09$0-0 — F&3G-0 GuleGa For0-0 — 6LE-0 061-0 — 6890-0 — 81-0 
965-0 E81-0 — 66S0-0 — S¥3G-0 LVI-0 — 660-0 — fOr-0 061-0 — VP90-0 — 91-0 
9-0 681-0 — [840-0 — 096-0 oF l-0 — S9E0-0 — CEr-0 061-0 — 9090-0 — vI-0 
€LE-0 I8T-0 — 8FF0-0 — 086-0 LET-0 — LEE0-0 — SLY:0> 5) 06L-0.— 89S0-0 — ol-0 
oLF-O 081-0 — o1F0-0 — OTE-0 o& 1-0 — O1E0-0 — | OI-0 

F9E-0 LG1-0 — F860-0 — | 80-0 
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FULL SCALE EXPERIMENTS WITH ELEVATORS OF 
DIFFERENT SIZES. | 


By H. GLAvERT. 


Presented by the SUPERINTENDENT, Royal Aircraft Factory. 


Reports and Memoranda (New Series), No. 409. December, 1917. 


SUMMARY.—(@) Introductory. (Reasons for inquiry.)—The size of 
elevators fitted to a tail plane must be chosen from two considerations, 
the amount of control and the force that must be exerted by the 
pilot. Model experiments (T. 995) indicated that a reduction in the size 
of the elevators from the 50 per cent. usually employed would give 
lighter forces without any loss of control. Experiments were made to 
test this, and at the same time it was desired to repeat the stability 
experiments carried out previously on R.E. 8, owing to the unusual 
values obtained for the tail efficiency and downwash. 


(6) Range of the investigation.—Experiments were therefore carried 
out by fitting elevators of different sizes to an R.E. 8 machine, chosen so 
as to be respectively 30, 40, 50 and 60 per cent. of the total tail area, and 
measuring the force on the control column and the angle at which the 
elevators were held. A careful series of experiments was also made to 
obtain a satisfactory determination of the tail efficiency. 


(c) Conclusions.—It was found that the force of the control column 
required to produce a definite change of tail lift increases with the size 
of the elevators, and that the movement of the elevators decreases. 
With gearing arranged to give the same total control the smaller elevators 
would still require smaller forces from the pilot. The determination of 
the tail efficiency gave a value of 0°6 and the downwash curve was 
approximately a straight line passing through the point of no lift. This 
‘position of the downwash curve depends on values of the moment coefficient 
derived from full scale experiments (R. & M. 409). 

(d) Applications and further developments.—The results of these experi- 
ments showed that it is advantageous to reduce th: size of elevators in 
general use to approximately half the chord of the fixed tail plane in order 
to secure lightness of control. 


1. An investigation has been carr-ed out recently on the 
effect of varying the size of e‘evator surfaces on a standard 
R.E. 8 machine. A series of four different elevators of the same 
shape were fitted to the standard fixed tail plane, and the areas 
were chosen so as to be respectively 30, 40, 50 and 60 per cent. 
of the total tail area. The form of these elevators is shown in 
Fig. 1, and details are given in Table 1. The positions of the 
tail plane and elevators in each experiment were recorded on 
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two scales at the side of the observers’ cockpit. The method 
of experiment employed was to fly at some definite speed with 
three different tail settings, and to note the force on the control 
column and the angle at which the elevators were held. The 
experiments were carried out at three different speeds both with 
the engine on full throttle and gliding. Experiments were a'so 
made with each set of elevators to determine the trimming 
speed with free elevators for different tail settings and different 
positions of the centre of gravity. 


2. An exhaustive series of experiments was first carried out 
with the standard 50 per cent. elevators to determine the tail 
efficiency, as defined in previous reports on longitudina! stability, 
and to obtain satisfactory values of the angle of downwash for 
different attitudes of the machine. By suitable adjustment of 
the loads carried in the machine it was found possible to move 
the centre of gravity through a distance of nearly 3 inches, 
and the corresponding change in tail setting, to trim at the same 
speed, determines the increase in lift of the tail plane for a defin-te 
increase in its angle of incidence. These experiments led to 
a value of 0-6 for the efficiency of the tail plane, which agrees 
with the results previously found for other tractor machines. 
The values of the angle of downwash as obtained from the 
present series of experiments are shown in Fig. 2, where points 
derived from different positions of the centre of gravity are 
shown in a distinctive manner. The curve derived is approxi- 
mately a straight line passing through the point of no lift, and 
the mean slope is such that de /d6 = 0-45. The moment coefficients 
used in obtaining these values of e and de/d@ are derived from 
full scale experiments in a B.E. 2m (see R. & M. 40). The 
wing of R.E. 8 is very nearly the same.as that of B.E. 25. | 


3. The experimental data as to the characteristics of the 
different elevators has been analysed on the assumption that 
the lift of a tail plane and the hinge moment on the elevators are . 
both linear functions of the angle of incidence and of the elevator 
angle. It is therefore permissible to, write 


= a! + br, 
and 
M = cO’ + dy, 
where 
0’ is the ang:e of incidence of the tail plane, 
7 is the elevator angle, 
k,’ is the lift coefficient of the tail plane, 
M is the hinge moment on the elevators at 100 ft. /sec., 


a and 6 are therefore absolute coefficients, while c and d have 
the dimensions of a moment. 
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In these expressions, a, b, c, d are the four constants which 
have to be determined for each set of elevators. The first of 
these—a—expresses the rate of increase of lift with angle of 
incidence when the elevators are fixed, and so can be taken 
to be independent of the size of the elevators, except in so far 
as changing the chord of the elevators changes the overall section 
and the aspect ratio of the combination, and the ratio of its 
value to that derived from model test is given by the tail efficiency 
of 0-6. In consequence the value of a for each set of elevators 
is 0:0189. Two more relations between the four constants can 
be obtained by considering the experiments carried out at the 
same speed with different tail settings (UV) and different elevator 
angles (7). In virtue of the fact that the attitude of the machine 
is unaltered, the tail lift remains the same, and so there are the 
following relations between the changes in the tail setting, 
elevator angle, and hinge moment 


aky + bAy = O 
cAy + dAyn = AM 


which give 


a Ay 
eral iN 
be — ad AM 
PE al Gel: EAT 


These two ratios can both be determined from the experimental 
data, since the elevator angle and tail setting are recorded by the 
observer, and the hinge moment (M) is derived directly from the 
force exerted on the control column. The probable errors of 
the experimentai determination of these ratios were found to be 
2 and 3 per cent. respectively. The results are given in Table 2. 


4. The complete determination of the constants of the elevators 
was based on the analysis of the trimming speeds with elevators 
free. If wis the weight moment of the elevators the conditions 
when the elevators are hanging freely are 


k,’ = ad’ + by, 
2°15 V2 : 
ear) ~ 104 —— c8 + dn, 
and so 
pay ad — be 6’ DSTO Ls 
ah cae ny ha thy Tk OSA 


where V, is the mean indicated airspeed over the elevators in 
m.p.h. ‘Ihe value of 6’, (the angle of no lift of the tail at speed 
V,, with elevators hanging freely) is 
b w 104 
Fi be O15 6) Avie 
and so can be determined from the values of the ratio of AM to 
Ay, as explained in the previous paragraph. The values of 
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§’,, used in the analysis of the trimming speeds were determined 
in this manner, and the downwash was supposed to be given 
by the curve derived from the experiments with the 50 per cent. 
elevators. In this way numerous determinations were made of 

ad pas and the mean values given in Table 2 
were found to have probable errors of only 2 per cent., but this 
expresses only the divergence of the experiments amongst them- 
selves, and not the deviat on from the truth of the mean values, 
since the analysis assumes the accuracy of the downwash curve. 
The values b, c, and d are shown in Fig. 3 corrected to apply to 
tail planes of the same total area (46 sq. ft.), and are compared 
with the model tests described in R. & M. 254, which have been 
reduced to the same basis. ‘These model tests were made on a 
tail plane of different shape, but it will be seen that the results 
are in good agreement. The full scale values of c and d are 
about 90 per cent., and those of b about 60 per cent. of the model 
values. The latter figure is in accerdance with the tail efficiency 
of 0-6, while the former (90 per cent.) implies that the trailing 
edge of the tail plane is not affected to the same extent as the 
leading edge. Slipstream experiments (R. & M. 438) have 
suggested that about one-half of the tail efficiency factor is due 
to the difference in the slipstreams of tractor and pusher machines. 
The remaining portion must be ascribed to interference of the 
body and to scale effect. Since a smaller proportion of the 
elevators is under the influence of the slipstream compared 
with the tail plane as a whole, and since the elevators are not 
in close contact with the body of the aeroplane, the factor of 
0-9 instead of 0-6 appears to be quite reasonable. 


the quantity 


5. The results have also been examined on the basis of uniform 
longitudinal stability. This implies that the tail plane area must 
be inversely proportional to the value of “ar when the elevators 
are hanging freely. 


Correcting the areas in this way, calculations have been made 
of the force on the control required to hold the aeroplane, first 
to 75 m.p.h. gliding, and secondly to 65 m.p.h. engine full on, 
the tail plane being set in each case for a trimming speed of 
75 m.p.h. with engine on and elevators free. The results of these 
calculations are given in Table 4. In each case the force necessary 
increases with the size of the eevators as might be expected. 
When the engine is shut off, the necessary movement of the 
elevators is greatest with the smal! elevators, but to change to 
65 m.p.h. with engine on, the change of elevator angle is prac- 
tically independent of the size of the elevators. 


The reduction in force on the control column, due to reducing 
the size of the elevators, could also be obtained by changing the 
gearing. To obtain a fair comparison of the different elevators, 
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the gearing must be adjusted so that the maximum possible 
movement of the control column—which is limited by the size 
and shape of the pilot’s compartment—shall give sorne definite 
change in the attitude of the machine. For the elevators used in 
these experiments the gearing was unaltered, and so it follows 
that the forces should be increased in the ratio of the elevator 
movement necessary for the particular manceuvre in question. 
The basis of comparison becomes, therefore, the product of the 
force, and the change of elevator angle. Using this criterion, 
it is found that the elevators improve steadily with decreasing 
size over the range tested in these experiments. 


TABLE 1. 
DETAILS OF ELEVATORS. 


Elevator. 
Tail plus 
Elevator. | 
| | Weight 
Area. | Chord. Weight. | Moment about 
Area. | Hinge. 
Sq. it. Sq. ft. | Ft. | Lbs. Lbs. ft. 
A 34 10°3 0-94 she tay 3-9 
B 394 15°8 1:38 chee 5°7 
iG 46 22:3 1°88 144 7°9 
D 60 36'3 3°08 194 17:75 
AaB Lis 
CHARACTERISTICS OF ELEVATORS. 
a wenintaibncens! slinh pee aig 
is Pi ey b. C. d. 
A Ova 0-81 —0:0188 0:0084 0 | — OQ-8] 
B 1-69 [ponmemo-o1ss |) O:0112 1 1-12 | 2-45 
52 3°28 —0°0126 0°:0124 = >() —. 4°99 
D 1°36 5°20 —0°0095 0:0139 —7°00 —10°35 


a and 6b are absolute coefficients, and c and d are constants having 
the dimensions of the moment. They are defined by the equations 
hk’, = a0’ + by, 
M = cO’ + dy, 
~where 
§’ is the angle of incidence of the tail plane. 
ny is the elevator angle. 
k’, is the lift coefficient of the tail plane. 
M is the hinge moment on the elevators at 100 ft. /sec. 
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TABLE 3. 
TAIL PLANES OF EQUAL AREA (46 8q. Ft.). 


% Elevators. b. ec. | d. 
30 0:0084 0 — 1-28 | 
40 00112 34] — 3:09 
50 0:0124 — 2:50 — 4:99 
60 0:0139 bostony — 695 
TABLE 4. 


TAIL PLANES OF EQUAL STABILITY. 


The machine is supposed to be trimmed at 75 m.p.h. 


| To. Trim at 65 m.p.h. To Trim at 75 m.p.h. Gliding. 
of Elevator. | 
J | eesti T, Force. Na | Force. Product. 
| Aes : tbe ovement. Lbs. 
egrees degrees | 
30 — 06 0-7 13-85. Fh 25 er smear 
40 — 07 1°5 — 24 3°3 | As, 
50 — 07 20 — 20 | Fd os ngs 
60 — 08 3-7 Nas M5 78 
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LATERAL CONTROL WITH DIFFERENT TYPES OF 
‘WING FLAPS. 


By H. GLAUERT. 


Presented by the SUPERINTENDENT, Royal Aircrait Factory. 


Reports and Memoranda (New Series), No. 413. February, 1918. 


SuMMaRyY.—(a) Introductory (Reasons for enquiry).—The importance of 
obtaining some definite measurements of lateral control and of deter- 
mining the most efficient type of wing flap has been realised for some time. 
Up to the present it has only been possible to judge between different 
types of flaps and different aeroplanes by correlating the impressions of a 
number of pilots, and the absence of any definite criterion of lateral con- 
trollability has been a considerable handicap in design. 


(6) Range of the investigation.—The experiments described in this report 
consist of tests of four different types of flap on an R.E. 8 aeroplane, 
Measurements were made of the time to bank 45° with different forces on 
the control column, of the angle of flap under these conditions, and of the 
minimum time to come off the bank at different speeds. The variation 
of flap angle with movement of the control column was also obtained on 
the standard machine. Most of the experiments were repeated with a 
second pilot. 


(c) Conclusions.—The general conclusion derived from the experiments 
is that the efficiency of a wing flap can be noticeably improved by “‘ wash 
out,” 1.e., by decreasing the incidence of the flap towards the wing tip. 
A further improvement of a less marked degree would be obtained by 
reducing the chord of the flap from 36 per cent. to 24 per cent. of the wing 
chord. The curves of force against flap angle gave the interesting result 
that the two flaps move at varying and different rates. 


(2) Applications and further developments——Further experiments are 
desirable with more accurate methods of measuring the rate of roll and the 
maximum control. It is also important that different shapes of wing tips 
should be examined from the same point of view and that the experiments 
should be extended to machines of different types. 


1. Object of the experiments.—The lateral controllability of an 
aeroplane depends mainly on the shape and size of the wing flaps, 
other factors being the shape and arrangement of the main 
planes, the moment of inertia of the aeroplane, and the form 
of the fin and rudder. The experiments described in this report 
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deal with the first ot these factors. Four different types of wing 
flap were fitted to an R.E. 8 aeroplane and measurements were 
made to determine the amount of control. These types were 


(1) A standard flap with 24-in. chord. 
(2) A similar flap with 16-in. chord. 
(3) A standard flap with 9° decreased angle of incidence 
towards the tip. 
(4) A standard flap with chord tapering to 8 ins. at the 
tip. 
Details of the aeroplane and flaps are given in Table 1. The 
important factors of lateral control are the rate of banking and 
unbanking for a given force, the maximum rate of these move- 
ments, the lag between the application of the control and the. 
movement of the aeroplane, and the behaviour of the flaps near 
the stalling speed. 


Method of experiment.—To the flap strut was fixed a pointer 
which indicated the flap angle on a scale fixed to the front wing 
strut, and the force applied by the pilot was read on an indicator 
fitted to the head of the control column. Measurements were 
made of the right flap angle and the time to bank 45° corresponding 
to different forces on the control column, the measurement of the 
time being made by the observer with a stop watch. Different 
gearing was used in two cases, but all the results have been 
reduced to the basis of the standard gearing. These results were 
obtained with two different pilots, A and B. The relation between 
the flap angle and the movement of the stick was observed for 
the machine fitted with standard flaps. Attempts were also made 
to observe the maximum rate of unbanking, but the results 
obtained were not very sil aeeget and showed great discordance 
between the two pilots. 


3. Flap angle and movement of ae column.—A series of 
measurements were made on the machine fitted with standard 
flaps to determine the relation between the movement of the 
control column and the flap angle. A ground calibration was 
taken and curves were obtained in the air at speeds of 60 and 
90 m.p.h., the object being to determine the stretch of the control 
cables under the load of the air forces. The results obtained are 
given in Table 2 and Fig. 1, and show a linear relation between 
the two measured quantities. The air calibrations show a slight 
increase (about 10 per cent.) in the necessary movement of the 
control column for a given change of flap angle as compared with 
the ground calibration. This increase represents a loss of 
efficiency due to the use of cables instead of rigid connections 
for operating the control surfaces. 


4. Flap angle and force on control column.—The relation 
between, the flap angle and the force on the control column is 
given in Table 3, and Figs. 2 and 3. The curves obtained show 
.curious discontinuities of slope, and to establish this peculiarity 
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more definitely the calibration was made several times in the 
case of the tapered flaps. The results obtained were in good 
agreement on the whole, and showed the peculiarity quite defi- 
nitely. The.discontinuity was also clearly indicated in the case 
of the wash-out flaps, and was just noticeable with the two other 
types. The discontinuity occurs when the flaps are about 2° down 
from their equilibrium position in the air. A possible explanation 
of this peculiarity is that it represents the point where the left- 
hand flap no longer rises with a further reduction of the 
tension. of the control wire, but has to be pulled up by the tension 
of the flap connecting wire which passes along the upper plane. 
The initial slackness of this wire in the equilibrium position might 
account for the observed phenomenon. 


5. Rate of bank and force on control column.—The time to bank 
45° for different forces has been obtained with two pilots for each 
type of flap (Table 4, Fig. 4), and although the experiment is one 
of considerable difficulty owing to the short intervals of time to 
be measured, the results of repeat experiments were found to be 
in good agreement. In Table 4 the mean movement of the right 
and left flaps from their equilibrium position is also given. These 
experiments were all carried out at an airspeed of 65 m.p.h. The 
curves of Fig. 4 show the difference in the forces with the different 
flaps. Although the results obtained by the two pilots are in 
rough agreement, it will be noticed that pilot B obtained better 
results with the small chord flaps and worse with the standard 
flaps than pilot A. This discrepancy may represent a difference 
in the method of applying the force or of using the rudder to 
assist the turn, though the elevator and rudder were always 
supposed to be used to keep the speed constant and to prevent 
sideslip. It is interesting to note in this connection that pilot B 
considered the small chord flaps a distinct improvement on the 
standard flaps, while pilot A noticed little difference. The results 
obtained agree with these opinions. 


6. Maximum control.—Attempts were made to obtain a 
measure of the maximum control by observing the minimum time 
to come off a bank of 45°. The results (Table 5, Fig. 5) obtained 
from the two pilots are, however, very discordant, and it is 
impossible to attach much importance to these measurements. 
The series was only carried out in full by pilot A, and these 
observations indicate that the minimum time to unbank—limited 
by the strength of the pilot—is the same at all speeds above 
60 m.p.h. and falls off fairly rapidly below this speed where the 
motion becomes analogous to that at the beginning of a spin. 


7. Efficiency of the flaps.—Owing to the unsatisfactory nature 
of the measurements of the maximum control, it was decided to 
use a criterion similar to that used in the case of different elevators 
(R. & M. 409). On this theory the maximum control of a flap, 
whose range of movement is limited, is taken to be inversely 
proportional to the flap angle necessary to perform a definite 
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evolution, and the efficiency of the flap is then inversely propor- 
tional to the flap angle and the force applied. The lateral move- 
ment of the control column is limited by the shape and size of 
the pilot’s cockpit. For a definite maximum control a certain 
flap angle is necessary, depending on the type of the flap, and the 
gearing can then be altered until this maximum flap angle corre- 
sponds to the limiting position of the control column. A type of 
flap which requires small angular movement can have its range 
of movement restricted in the appropriate ratio and the force on 
the control column correspondingly reduced. From these con- 
siderations the formula for flap efficiency given above follows at 
once. In Table 6 the results of the tests have been analysed in 
this manner (see also Fig. 6) for different rates of bank. The 
general conclusion to be drawn from these results is that the 
wash-out flaps are the most efficient over the greater part of the 
range considered. These flaps, however, give a linear relation 
between. efficiency and time of bank, and it seems possible that 
for more rapid manceuvres involving forces greater than 20 lbs. 
the small chord flaps would be more efficient. The best 
compromise would seem to be the use of flaps whose chord was 
25 per cent. of the wing chord and whose incidence decreased 
towards the tip. For slower movements the results obtained 
from the two pilots are not in good agreement, especially as regards 
the small chord flaps. The more rapid evolutions are, however, 
of the greatest importance, and in this region both agree that the 
wash-out and the small chord flaps are better than the other 
two types. The discrepancy indicated may represent a difference 
in the method of handling an aeroplane and give estimates of 
the differences of opinion of pilots as to the controllability of 
various types of aeroplanes. 


8. Conclusions.—The experiments dealt with in this report 
indicate the advisability of using wash-out flaps of small chord. 
Further experiments are necessary to determine the best length 
of flap and shape of wing tip. The latter of these tests could 
probably be best dealt with in the wind channel and experiments 
on. the former are already in progress on an R.E. 9 aeroplane. 
Considerable improvement in the accuracy of the results can 
probably be obtained by the use of a mechanical means of 
applying the force so as to eliminate the personal equation of 
the pilot and by some mechanical means (e.g., a cinematograph 
camera) of recording the small intervals of time which occur on 
a rapid bank. 
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TABLE 1, 
DETAILS OF AEROPLANE. 
Span Chord Span of flap 
mt 


(ft.). (ft.). (ft 
Upper Wing he. is 43 5d 11 
Lower Wing nah in Si 54 6 
Type of flap, Chord (ins.). 

Standard ... ei He 24 
Small chord a ee 16 
Wash-out ... “te a. 24 (with a decrease of angle of 

incidence along the flap = 9°). 
iPapered)a.: a: bie 24 to 8. 

TABLE 2. 


FLAP ANGLE AND MOVEMENT OF CONTROL 
COLUMN WITH STANDARD FLAPS (DEGREEs). 


Ground. 60 m.p.h. | 90 m.p.h. 
Control Flap Control Flap Control | Flap 
column. angle. column. angle. column. angle.. 

10 11-7 15 9-2 14 7:3 
fis 8:4 12 7-3 11 | 5-3 
0 5:0 8°5 5-3 2 3°4 
a5) \°,| * aii Se eee ens 3-4 +2 | + 0-2 
— 10 — 1-3 0 + 0-6 — 0:5 | — 1°8 
— 3°5 — 1-8 5 | — 4:0 

| 


The movement of the control column is reckoned positive to the left. 
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TABLE 3. 
FLAP ANGLE AND FORCE ON CONTROL COLUMN. 


Flap Angle (degrees). 

Force Mine Pe). TE oe ae Force Flap Angle 
(Ibs.). Standard. | Small chord. |} Wash-out. (Ibs.). (degrees). Tapered. 
20 5°2 _— 10-1 18 3:9, 2*7, 339 
15 3°7 7°4 8-6 15 2°8, 2-1, 3°0 

10 3-0 079 6-8 12 | OCS = Fale 3) 
aS 2°6 4-5 — | 0, —0-°7., 
5 2°3 3°5 6-0 6 — 1-4, — 1-6. 
0 1-5 — 4°5 0 — 2:6, — 2:8, 
— 3:3 
— § 0-7 0-4 3°5 — 6 — 5-1, —5°5. 
—- 75 0-2 | — 0:7 oo — 9 — 6:2, — 6-2. 
— 10 Oe Sane we?) 1) 2:5 — 12 — 7:8, —7°-9. 
— 15 | oeediete der a-6 1-5e wes 816,02. BeGs 
| — 8-6 
— | 20 ee oea an = eet) 20a ae 8 — 8-9, —9°5, 
| a9 


The values given are the angles of the right flap at 65 m.p.h. 
The forces are reckoned positive to the left. 


TABLE 4. 
TIME TO BANK 45° AGAINST FORCE ON CONTROL 
COLUMN. 
ie 4 Time to bank 45°. 
corrected to ap angle 
Type. Force (Ibs.). standard CE Pilot A Pilot B 
iets bese (secs.). (secs.). 
| 

Standard .. 5 5 | 0:8 2200 4 — 
10 10 1-7 4-7 | 9:6 

15 15 2°5 3°6 4-5 

20 20 3°8 2°9 3-1 

bis {vatccnon seta citlbac 

Small chord. . 10. | 5 1-5 6:3 6:5 
15 74 2:6 4-9 i 

20 10 3°9 3°8 3°6 

25 123 5°2 3-1 a 

30 15 6-0 2-5 2°2 

Wash-out .. 5 5 1:2 6-6 — 
, 10 10 2-1 4°3 4-6 

15 15 3°3 3:0 3:0 

20 20 5:1 2:3 2-2 

25 25 5:8 1°9 — 

Tapered a 10 a 6 Us) 5:3 6-7 
15 | 9 2°9 — 4-1 

20 12 4°8 3-1 3-3 

25 15 9°60 a 27 

30 18 6:3 2:6 — 

35 21 a — 2:3 


The flap angles given in this table are the mean of the movement of 
the right and left flaps from their zero position at this speed. 
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TABLE 5. 


MINIMUM TIME TO UNBANK 45°. 


Time to unbank 45°. 


Type. Speed (m.p.h.). 
Pilot A (secs.). Pilot B (secs.). 


Standard a 55 : 


Gmail chordil a 55 | 1- 


Oy 


NNnSO|] yeeywpe 
oaunn!] O@wcn 


Wash-out ea 55 


1 Epics 
fae se Sth 


Tapered cael 55 


WNOne 

Rs 
Ny oe 

eet 


TABLE G. 
EFFICIENCY OF FLAPS. 


The efficiency is taken to be inversely proportional to the force 
and the flap angle required for a definite rate of bank. 


. : 

Time to Standard. |  S$mall Chord. | Wash-out. | Tapered. 

bank, ei ae lesa | 
45° | 
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LATERAL CONTROL OF VARIOUS AEROPLANES. 


Presented by the SUPERINTENDENT, Royal Aircraft Establishment. 


Reports and Memoranda, No. 441. March, 1918. 


SUMMARY.—(a) Introductory (reasons for inquivy).—The results of some 
measurements of lateral control with different types of wing flaps were 
given in R. & M. 413. The experiments have now been extended to a 
few different types of aeroplane. . 

(b) Range of the investigation—Measurements were made of the flap 
angle and the rate of roll for different forces on the control column in 
the method described in R. & M. 413.’ The series of experiments con- 
sisted of tests on the Bristol Fighter, R.E. 9 and R.T. 1 with balanced 
and ordinary flaps. 

(c) Conciusions.—Using the criterion of flap efficiency developed in 
R. & M. 413, the best results were obtained with the R.T. 1 aeroplane. 
The balanced flaps were a considerable improvement for slow movements, 
but the effect was hardly noticeable for rapid rates of bank. The Bristol 
Fighter appeared to have a better control than R.E. 8 or R.E. 9 for rapid 
movements, but was very bad for slow ones. However, since the gearing 
of the ailerons is determined by the maximum control obtainable, which 
has not yet been measured completely, the comparison of the aeroplanes 
is not necessarily a true one. 

(d) Applications and further developments——Mechanical means of 
measuring the rate of roll are being developed so as to obtain more 
accurate results for rapid movements, and it is hoped to attack shortly 
the question of maximum control with this new apparatus. 

The results of R. & M. 413 and of this report can only be regarded as 
a rough preliminary investigation. 


1. The experiments described in R. & M. 413 dealt with 
four different types of wing flap fitted to an R.E. 8 aeroplane. 
‘The same method of experiment has now been applied to 
different types of machine—R.EK. 9, R.T. 1 and the Bristol 
Fighter—and the results are compared with those obtained on 
the standard R.E. 8. Details of the wing structure are given 
in Table 1. R.E. 9 resembles R.E. 8, except that the wings 
are of equal span and were fitted with 16” chord flaps occupying 
a larger proportion of the span, instead of the standard 24” 
chord of R.E. 8. R.T. 1 is also similar to R.E. 9, but has wings 
of unequal chord and flaps of 20” chord. This machine was also 
fitted with balanced flaps, as shown in Fig. 1. The Bristol 
Fighter has wings of equal span and chord, and flaps of the same 
chord (24”) as R.E. 8. 

2. The results obtained—flap angle and rate of bank against 
force on the control column—are given in Tables 2 and 3, and 
are shown in Figs. 2-4.. The experiments were carried out 
with pilot A of report R. & M. 413. It will be noticed from the 
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figures that the relation between flap angle and force on the 
control column shows the same type of discontinuity of slope 
that was found in the earlier experiments. From the forces of 
Fig. 4 it is evident that the Bristol Fighter is heavy on the 
lateral control except when large forces are applied. This aero- 
plane is generally agreed to have a pleasant lateral control, though 
it certainly feels slow for small forces. It is also very difficult 
to roll, though this is probably due to the small effect of the 
rudder. One reason for the pleasantness of the Bristol Fighter 
may be suggested : it differs from the R.E. 8, R.E. 9 and R.T. 1 
in that it has a more comfortably disposed cockpit ; the hinge 
at the bottom of the control stick is further forward, and the 
pilot’s legs are not confined sideways, as in the other three 
aeroplanes ; these two facts allow greater lateral movement of 
the stick with comfort, consequently a greater maximum control 
could be obtained, other things being equal. As would be ex- 
pected, the forces on the R.T. 1 with balanced flaps are small, 
but this is largely compensated for by the fact that the flaps 
have to be set over to a larger angle than the unbalanced ones 
to obtain a definite rate of roll. This effect must be due to the 
disturbance in the flow on the wing tip owing to the projecting 
horn of the balanced flap. 


3. The criterion for comparing the efficiency of the flaps 
used in R. & M. 413 has been applied to these tests, and the 
results are given in Fig. 5. This criterion postulates that the 
efficiency of a flap is inversely proportional to the force and to 
the flap angle necessary for a definite mancuvre. This basis 
of comparison is obtained by realising that a flap which requires 
relatively small angular movements can have its range of move- 
ment restricted and so have the forces on the control column 
reduced by change of gearing. Until definite measurements 
can be made of the maximum control, this criterion seems to 
give the fairest basis of comparison. It must be clearly held in 
mind, however, that this comparison is merely the best that 
can be done so far, and that the comparison of the aeroplanes 
is incomplete and liable to be misleading, since the curves for 
the various aeroplanes cross each other for large forces. Maxi- 
mum control essentially involves large forces, in fact, the largest 
forces the pilot can apply. These are of the order of 50 lbs. 
and the largest forces measured are only about 20 lbs., hence 
it is impossible to predict with any certainty the order in which 
the aeroplanes will appear for maximum controls. However, 
using the same criterion as in R. & M. 413, Fig. 5 has been pre- 
pared, and it appears that R.E. 9 is an improvement on R.E. 8 
and that R.T. 1 is better than both. The balanced flaps of 
R.T. 1 only seem to be an improvement for slow movements. 
The Bristol Fighter shows peculiar characteristics, being definitely 
better than R.E. 9 for rapid manoeuvres, but much worse for 
slow ones. This may be due to the smaller span of the flaps 
on the Bristol aeroplane. 
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TABLE 1, 
DETAILS OF AEROPLANES. 


: R.E, 8. | R.E. 9. | Bas Wy bes Bristol Fighter. 
Span, upper wing - 43’ 38’ 41’ 393’ 
lower wing— - 335 38’ 41’ 393’ 
upper flap — - BE: 10°5! O25 7:3’ 
lower flap — - 6’ 10°5’ 9:2’ 73° 
Chord, upper wing — SD. eer Gol ast 
. lower wing - oor 55h 4:8’ 5°5/ 
flap _ 24” Lo 20” 24” 
TABLE 2, 


FLAP ANGLE AND FORCE ON CONTROL COLUMN. 


R.E. 9. | Bristol Fighter. | R.T. 1 Unbalanced. | R.T. 1 Balanced. 
Force Flap Force. Flap Force. Flap Force. Flap 
Angle. Angle. Angle. Angle. 

(Lbs.) (Degrees. ) (Lbs.) | (Degrees.)|} (Lbs.) | (Degrees.) || (Lbs.) | (Degrees.) 
a 8:0 a4 | 5°9 20 6:0 18 9°6 
173 6:5 174 4-2 16 4:8 15 8°6 
14 9°0 14 3°6 12 3°6 12 hy 
104} 3:4 104.) 2 40a 8 2°3 9 5°5 
+ 7 * 3:0 +7 | +1:2 0 +1] 6 4°7 
0 + 1:2 0 0-0 — 8 —0°5 + 3 4-1 
— 7 —1°7 — 7 —14 —12 — 1:0 0 2 
—103$ | —2°7 —104 | —2°7 —16 — 2°4 — 3 Ze 
—14 — 3°6 —14 —3'5 —20 — 2'6 — 6 + 0°6 
“17£ 92 48 shel BM LT PHA Nie Gs 
—21 — 5°4 —21 — 5°3 —12 —1°3 
| —15 —1°7 
—18 — 30 


The values given are the angles of the right flap at 65 m.p.h. 
The forces are reckoned positive to the left. 
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“TABLE 3. 
TIME TO BANK 45° AGAINST FORCE ON CONTROL 
COLUMN. 
7 ac Corrected # 
ree. to Standard F Angle. ime, 
Type. orce Ni one a ap Angle ime 
(Lbs.) (Lbs. ) (Degrees. ) (Sec.) 
R.E. 9 Z ie 1°6 6:3 
10 7 273 4°6 
20 14 4°3 3°0 
30 al — 20 
Bristol 10 vi 1°3 hee 
Fighter 15 103 2°77 5°4 
20 14 oD oo 
25 174 422, 2°S 
30 a | 4°7 2°3 
1g dha 10 o 0:9 9°0 
Unbalanced 20 10 ae 4:0 
30 Lo 3°4 2°8 
hen ft 10 6 22) ey 
Balanced 20 12 4°3 2°8 
30 18 6:3 yun @) 


The flap angles given in this table are the mean of the measurements of the right 
and left flaps from their zero position at this speed (65 m.p.h.). 


TABLE 4. 
EFFICIENCY OF FLABS. 


The efficiency is taken to be inversely proportional to the force 
and flap angle required for a definite rate of bank. 


Time to bank 45° R.E. 9 | Bristol Bel. 1 R.T. 
(Secs. ) raed Fighter. Unbalanced. | Balanced. 
24 0:7 12) ae — I'd 
3 1°6 Ls | 2°4 2 
3h 3-0 1:8 | 3-4 3°5 
4 4°4 Paes 4°8 6-4 
44 5°8 2°8 6:4 10°7 
5 7°6 3°5 8:1 ak 
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FULL SCALE STABILITY EXPERIMENTS WITH R.A.F. 
14 WING SECTION. 


By H. GLAvert. 


Presented by the SUPERINTENDENT, Royal Aircraft Factory. 


Reports and Memoranda, No. 505. June, 1917. 


SuMMARy.—A series of experiments has been completed on an F.E.2¢ 
aeroplane fitted with R.A.F. 14 wing section for the purpose of determining 
the downwash. The tail efficiency appears to be higher than in the case 
of the B.E.2e previously tested. The downwash is in good agreement 
with model results. 


The notation is the same as that.of R. and M. 326. 


1. Hxperimental Data.—The method of experiment and of 
the reduction of the results has been the same as in R. and M. 
326, except that the results given in this report depend entirely 
on experiments with free elevators. A locking gear for the 
elevators was designed, but proved unsatisfactory owing to the 
slackness and length of the control cables. 


2. Analysis.—The quantities to be determined were the angle 
of downwash (e), the tail efficiency (KE), and the rotary derivative 
M,. The equations determining these quantities are— 


72-1 


Ci (Oday yr p?E Sm + AK, + &K,). 
de ist W, 2°30 /(dK,, dK,). 


where 

P — 0-138U 1/1 + cQ and W, = 2700. 
K’, 
do 
which corresponds to 40 per cent. of elevators. 


In these equations has been given the value 0-021, 


3. Determination of E and N.—The values of E and N were 
determined so as to bring into agreement the: results obtained 
with different tail settings and different positions of the centre 
of gravity. The value found for the tail efficiency E was 0:8, 
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which compares reasonably with the value 0-55 found for the 
R.E.2e aeroplane (R. and M. 326). The value of the correcting 
factor N was not so well defined, but appeared to be approxi- 
mately 0-45. This value shows, as might be expected, that the 
value of M, for the body of a pusher machine is negligible. 


4. Value of the downwash.—The values of the angle of down- 
wash found from experiments gliding and with engine running, 
de 
dé 
0-55 and the analysis of the periods gives values in the neigh- 
bourhood of this value. The effect of the airscrew on the down- 


wash was allowed for as in R. and M. 326, the correcting equation 
being 


are in good agreement. The mean value of appears to be 


u 
i U-+u 
For the aeroplane employed, « had the value 4° and the resulting 
values of « gave the mean slope of 0-50. 


e=e + 0-29 oP ete AB 


5. Conclusions.—It appears from the series of experiments 
described in this report and in R. and M. 326 that the tail efficiency 
of a pusher aeroplane is of the order of 80 per cent. and that of 
a tractor 60 per cent., due to interference effects. The rate of 
change of downwash due to the wings is in both cases approxi- 
mately 0-5, but this must be increased in full scale work by 15 
per cent. to 20 per cent. to allow for the airscrew. 
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TABLE 1. 
° Py . 1 . 
Expt wipers Costicent eet vey 
Lbs. h. m.p.-h. ag 
| | sey | 
1 | 2,750 0-437 774 | 0-978 
2 2.740 0-426 691 | 0-938 
3 D7 O50) ADT lea 0 Sane OOO 
At ie TUS ain Oa og 674 0-969 
5 1p 2720 0-437 | 662 | 0-913 
6 Mee: FOU 0-454 63 | 0-862 
7. | 2.680 0-454 Se WR oa by, 
8 2,680 | 0-454 62 | 0-910 
9 2,680 0-454 61 10-911 
10* 2,680 0-454 59 | 02917 
11 2,700 | 0-464 57 0-958 
12 2,700 | 0-464 554 | 0-940 
13 2,700 '| 0-464 54 | 0-941 
14* 2,700 0-464 53 - 0-952 
15 2,710 | 0:440 | 56% | 0-888 
16 2,710 | 0-440 553 =| «0-872 
i 2,710 | 0-440 543 0-881 
18* 27100 0 4a Oe 0-898 
19 2:710. be Os4 27 eso 0-851 
20 2,710 0-427 | 582 0-821 
21 2.710 | 0-427 58 0-843 
292% 2710 "| 01407 1 o6s 0-862 
23 2,685 0-454 | 51g 0-943 
24 2,685 0-454 | 503 0-901 
25 2,685 | 0-454 | 50% | 0-901 
26* 2,685 | 0-454 ) 48} 0-920 


* Denotes experiments done gliding 


Engine 
Revs. 


1,310 , 


1,290 
1,290 

700 
1,300 
1,270 
1,270 
1,185 
1,095 

790 
15255 
1,145 
1,040 

820 
1,260 
1,170 
1,000 

650 
1,260 
Lalo 
1,000 

710 
1,230 
1;120 
1,000 

610 


Tail 


Setting. 
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TABLE 2 

Lift Period | W, de Downwash. Wing 

Expt. a part | ts | Ws ak a Downwash 
1 | 0-187 284 0-42 0-39 1-20 1-43 
2 | 0-299 ve Pr Wii a8 1-78 1-97 
3 | 0-219 26 0°44 | 0-49 1-54 1-74 
4* 0-242 23 0-54 0-38 2°38 2-28 
5 0-245 264 0-36 0-53 1-93 FAEH OY 
6 | Q-268 24 0-42 ; 0-49 PRON | 2°33 
i 0-273 26 0-31 0-53 PH) 2°43 
8 0-276 25 0-35 0-50 Qi? Ys PA 
9 | 0-281 264 0-28 0-53 2°49 2°63 
10* 0-302 24 0-34 0-42 2-99 2°99 
11 Pini 325 222 0-35 0-53 3°26 3°37 
12 0-343 ZZ 0-36 0-33 3°68 3-78 
13 0-361 214 0:35 | 0:53 4-10 4-18 
14* 0-375 20 0-41 0-44 4-27 4-29 
15 0-335 224 0-36 0°58 3°35 3°44 
16 0-344 21} 0-41 0:56 3-59 3-60 
17 0-356 202 0-42 0-55 3-87 3°94 
18* 0-373 193 0-47 0-44 4-28 4-27 
19 0-309 224 0-42 0-55 3-03 3-14 
20 0-318 Die 0-44 0-54 3°20 3-35 
21 0-320 21 0-49 0-52 3°32 3°42 
22% 0-337 20 0-52 0-45 3°86 3-84 
ao 0-396 184 0-47 0-56 4-60 4-83 
24 0-407 173 0-56 0-51 4-82 4-84 
pas, | 0-415 173 0-54 0-51 5-00 5°01 
26* | 0-450 164 0-57 0-4] 5°61 5:61 


* Denotes experiments done gliding. 


Am 
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STRESSES IN AN AEROPLANE WHEN DIVING STEEPLY. 


Presented by the SUPERINTENDENT, Royal Aircraft Factory. 
Reports and Memoranda, No. 494. April, 1917. 


SUMMARY.—In spite of the very high speeds which are reached in 
diving steeply, no part of the aeroplane is in general very highly stressed 
during the dive, providing certain precautions are taken in designing. 
The margin of strength in S.E.5, for example, is high. The greatest 
stress occurs when flattening out after the dive, and the danger of breakage 
is increased by the comparatively small forces on the controls. This is 
inevitable in an aeroplane which is light on its controls. 


1. It is doubtful, for reasons explained in R. & M. 492 (the 
terminal velocity of S.E.5), whether aeroplanes are dived 
absolutely vertically for more than a few seconds. But very 
high speeds—of the order of 200 m.p.h.—are occasionally reached, 
corresponding to dives at about 60° to the horizontal. The 
stresses which occur in a vertical dive are dealt with below, 
this extreme condition being considered because it is simple, 
and because it appears that the stresses are likely to be more 


severe than in a less steep dive, so that there is in ‘practice a 


certain margin of strength above that shown by the figures. 


2, A vertical dive implies that the wings are at the attitude 
of no lift. There is some uncertainty as to their resistance in 
this attitude, but it does not materially alter the conclusions. 
At the terminal velocity, the total upward force on the aeroplane 
is equal to its weight, and in 8.E. 5 this force is supplied by the 
head resistance of the various parts and is distributed in the 
following way :— 


Body, tail, etc. ye Sei hgh 45 per cent. 
Landing gear and wheels ... ae 10 per cent. 
Airscrew “a Sy = 10 per cent. 
Wings, struts, wires, “ete. ae baa 35 per cent. 


—————, 


100 per cent. 


These figures are approximate only, but the main point is that 
well under half of the weight is supported by the wing structure 
as drag. 


3. In addition to these forces the wings are in twist owing 
to the fact that, at no lift, there is a definite moment on the 
wings due to the air forces, though the resultant force at right 


eS od = 


— ee 


a ee 


711 


angles to the wind (the lift) is zero. The term “centre of 
pressure ”’ has no meaning in this state, being at an infinite distance 
from the wing, but the moment on the wings is definite and, in 
general, small. This puts a down load on the front spar and 
an equal up load on the rear spar, and these vary as the square 
ofthe speed. InS.E. 5 at the terminal velocity (about 260 m.p.h.) 
these are each equal to 2-3 times the weight approximately. 
The factor of safety under the combined drag and twist is about 
2 on the front spar and 3 on the rear spar. The stresses on the 
rest of the aeroplane are inconsiderable. 


4. The magnitude of the load on the spars depends very 
much on the wing characteristics, and the best form of wing is 
one in which the moment at no lift is small, such as R.A.F. 15. 
In all modern wing sections the rate of change of moment with 
lift is roughly the same, and hence a small moment at no lift 
means small moments over the whole range, 7.e., that the centre 
of pressure is well forward. Wing sections with the centre of 
pressure further back will have greater moment at no lift, e.g., 
R.A.F.14. With this section the load on the spars of S.E. 5 
at the terminal velocity would amount to about six times the 
weight. 


5. One of the chief objections to diving at very high speeds 
is that intense vibration is often set up. This naturally gives 
the pilot cause to think that the machine is intrinsically weak, 
and, at any rate, continuous vibration is very bad for any 
structure. Much of this vibration is undoubtedly due to the 
high engine speed. Probably a great deal more is due to the 
wires, which are also responsible for much of the noise. But 
it is important to see if any is due to what appears as the rapid 
change of centre of pressure near no lift. It has been pointed 
out above that in this region the term “centre of pressure ” 
has very little meaning. Although its position does change 
very rapidly the moment on the wings changes quite slowly, 
in fact, if anything, more slowly than at ordinary speeds, and 
it appears probable that very little of the vibration is due to 
this cause. 


It is evident, of course, that if a definite moment is to be 
balanced a reduction can be made in the forces by increasing 
the distance between the spars. The forces will, in fact, vary 
inversely at this distance, and therefore any vibration which is 
really due to the wing forces could probably be reduced by 
increasing the spacing. But the spacing used gives a stronger 
structure for resisting the very high stresses produced in flattening 
out, and these are much more important because they also occur 
in sharp turns. 


6. It will be seen that adequate precautions can be taken for 
ensuring a reasonable factor of safety even for extreme conditions. 
In practice, the actual factor is certainly ample. 
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THE TERMINAL VELOCITY OF S.E. 5. 


Presented by the SUPERINTENDENT, Royal Aircraft Factory. 


Reports and Memoranda, No. 492. April, 1917. 


SuMMARY.—The terminal velocity of S.E.5 at 10,000 ft. 1s 265, m.p.h. 
indicated with the engine on, and 255 with it off. In the former case the 
aeroplane acquires a velocity of 250 m.p.h. in the first 1,500 ft. of drop. 
These figures apply to the geared 200 h.p. Hispano engine. The effect 
of the engine is so doubtful that the speeds with the 150 h.p. engine have 
not been worked out, but they would probably be rather higher on account 
of the smaller breaking effect of the smaller engine and airscrew. 


1. The conditions of air fighting at the present time make it 
necessary for pilots to dive their machines very steeply. It is 
stated that aeroplanes are dived “vertically ”’ for several 
thousand feet. It is probable that the actual angle of the path 
to the horizon is nearer 45—60° (the tendency of an observer in 
an aeroplane is always to overestimate the steepness of a dive). 


The following calculations, which refer to 8.E. 5, give support 
to this suggestion, for they show that a speed of the order of 
200 m.p.h. would soon be attained on an aeroplane capable of 
anything like 120 m.p.h. flying level, whereas it appears that so 
high a speed as this is seldom reached in practice. Some notes 
on the stresses which occur in diving at these speeds are given 
in another report (R. & M. 494). 


The calculations cannot be regarded as very accurate, there 
being considerable uncertainty as to the resistance of the wings 
in the neighbourhood of no lift. The resistance (positive or 
negative) of the propeller is also doubtful. It is fairly certain 
that the engine revolutions will be so high that it will be acting 
as a brake even with throttle open. The error is, however, 
probably not more than about 10 m.p.h. 

2. The assumptions made are as follows :— 

(1) Weight, 1,930 lbs. 
(2) Initial speed, 130 m.p.h. 
(The aeroplane is supposed turned instantaneously into a vertical 
position when at this speed.) 
(3) Wing resistance, 27 lbs. at 100 ft. /sec. (drag coefficient, 
0-0045). 
Miscellaneous resistance, 91 lbs. at 100 ft. /sec. 
Propeller resistance, see below, § 8. 


Ts: 


(4) Effect of slipstream ignored. 
(5) Engine revolution, 2,500 (engine on). 
(6) Torque of engine when off taken as 60 lbs. /ft. 


(This is deduced from a knowledge of the mechanical efficiency 
of similar engines.) 


3. T'o find the resistance of the propeller or its pull when the 
engine is on, it is necessary to know certain data for the propeller. 
This particular propeller has not been tested, and so it is assumed 
that the ratio of the pitch to the advance per revolution at top 
speed is the same as for a B.E. 2c propeller. It has also been 
assumed that the curve of T/N? against advance per revolution 
is a straight line over the working range, as is the case with all 
‘propellers tested up to the present time. Finally, in order to 
find the resistance when the engine is off, it is assumed that the 
ratio of advance per revolution for no thrust to that for no 
torque is the same as for the B.E. 2c airscrew, T.5291. 


4. The terminal velocity at 10,000 ft. with engine on is found 
to be 265 m.p.h. (indicated), while with the engine off it is 
255 m.p.h. The table shows the relation between speed and 
height in the former case. 


Ht. drop. Speed in M.P.H. indicated. 

0 130 

100 157 
200 175 
300 187 
400 192 
500 206 
1,000 235 
2000 257 
5,800 | 263 


It is to be noted that the true speed varies trom about 150 
to 290 m.p.h. 


B38288B FF 
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THE EFFECT OF A WIND GRADIENT ON THE RATE 
OF CLIMB OF AN AEROPLANE. 


Presented by the SUPERINTENDENT, Royal Aircraft Factory. 


Reports and Memoranda (New Series), No. 379. September, 1917. 


SUMMARY.—This paper investigates the effect of a change of wind 
velocity on the rate of climb of an aeroplane. It is found that if the 
wind velocity increases with height, the aeroplane will climb best when 
flying up wind. 


1. Consider an aeroplane flying at a constant airspeed U in 
a.wind of varying velocity V. The horizontal and vertical 
components of the aeroplane’s velocity relative to fixed axis 
will be V + U cos 0 and U sin 0 respectively, if 0 is the angle 
of the flight path to the horizontal. The forces acting on the 
aeroplane are the thrust T and the drag D parallel to the flight 
path, the lift L at right angles to this direction and the weight 
mg vertically downwards. The equations of motion can there- 
fore be written in the form 


m me cos 0 = (T — D) — mgsin 0 
(1) 
d6 aM as Stree 
mU di. gp 8D 0 = L — mg cos 0 


2. Now let Uc be the rate of climb of the aeroplane and 
v be the rate of change of wind velocity with height, then 
dV 


apa v Uc and the equations become 


mvUcr/l—c?=(T—D)—mge . : 


U d tae (2) 
ee uml =L—mgVl—e | : 
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If v is zero, these equations reduce to the ordinary expressions 
for the lift and drag of an aeroplane. If, again, v has same 
constant value other than zero, the conditions will be steady and 
de. ; 
dg wl be zero. The increase in c from its value when v is Zero, 


is given to the first order by the equation 
gAc=—vUc ; : ; F . (3) 


When v is the rate of increase of wind velocity in m.p.h. 
per thousand feet, and U is expressed in m.p.h., this last equation 
becomes 

Ac 


Ege tS ge TAURUS” 


3. This result can also be obtained by another method. A 
wind gradient v is equivalent to a horizontal acceleration v U c, 


and so the resultant acceleration makes an angle phe to the 


vertical. An aeroplane will climb relative to this resultant 
acceleration, being unable to distinguish between the accelera- 
tions due to gravity and to the wind gradient. It follows at - 
once the change Ac in the angle of flight path must be equal 
to the deviation of direction of the resultant acceleration from 
the vertical and hence g Ac = — v U cas before. 


4. It appears, therefore, that if the wind velocity increases 
with height, the ratio of climb of an aeroplane will be less when 
flying down wind than when flying against it. This effect is of 
chief interest close to the ground, where it attains its greatest 
value owing to the fact that the rate of change of wind. velocity 
is greatest in this region. If the wind velocity is taken to increase 
20 m.p.h. in the first 1,000 feet, the effect on an aeroplane flying 
at 60 m.p.h. will be to cause a difference of 16 per cent. in the 
rates of climb when flying up and down wind. The rate ot change 
of wind velocity attains its highest value in the neighbourhood 
of the ground, and this might contribute to the supposed danger 
of turning down wind. In a steady wind without gradient there - 
is no such effect, although, of course, the speed of the aeroplane 
over the ground will be proportionately increased. The real 
danger of turning down wind is due to the pilot wrongly esti- 
mating his speed by looking at the ground instead of at his air- 


speed indicator. 
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THE EXPERIMENTAL AND MATHEMATICAL 
INVESTIGATION. OF SPINNING. 


| By F. A. Linpemann, H. Guavert, and R. G. Harris. 


~ Presented by the SUPERINTENDENT, Royal Aircraft Factory. 


‘Reports and Memoranda (New Series), No. 411. March, ‘1918. 


SuMMARY.—This report describes the results of a series of experiments 
to determine the aerodynamic conditions of an aeroplane when spinning 
and to investigate the effect of movements of the controls. The motion 
is subjected to mathematical analysis and the question of the stresses in 
the wing structure is also considered. 

Part I deals with the experimental observations obtained ona B.E. 2E. 
and*shows that the spin is essentially a spiral glide in a very steep path 
with the wing incidence above the stalling point. 

: The stresses involved in a spin are considered in Part II and it is found 

that these are probably not dangerous in a proper spin, although large 
stresses may occur when passing from a spin to an ordinary spiral., Care 
must also be taken not to flatten out too abruptly from the nose dive 
at the end of a spin. The data for calculating the stresses are, however, 
insufficient and further information is required. 

The mathematical analysis is contained in Parts IJJ and IV. The 
former deals with the motion of the centre of gravity in its spiral path 
and the latter considers the balancing of the various moments by adjusting 
the control surfaces. 


PART 
EXPERIMENTAL INVESTIGATION. 


1. A number of spins were performed on a B.E. 2K. machine 
over a camera obscura so as to obtain a full series of observations 
and to determine the effect of small motions of the controls. It 

was found that in a normal spin with full left rudder and with 

the stick full back to the right, the time for one complete turn 
was approximately four seconds, the indicated airspeed about 
55 miles per hour, and the radius of the turn about 20 feet. The 
attitude of the machine was such that the wing struts were 
horizontal and there was no appreciable sideslip. This motion 
of spinning could be kept quite steady and appeared to be a 
stable motion. 


Observations were taken in the aeroplane of the indicated 
airspeed and of the loss of height. Lateral and longitudinal spirit 
levels were fitted so that the direction of the resultant force could 
be determined, and the value of this force was also obtained by 
means of a spring accelerometer in the pilot’s seat. The lateral 


TST 


bubble was found to be one or two degrees to the lett, indicating 
an outward sideslip,.but in all probability this was due rather 
to the fact that the bubble was a short distance behind the centre 
of gravity of the machine than to any sideslip of the machine 
as a whole. 


2. A number of spins were made with full left rudder but 
varying positions of the control column to observe the consequent 
changes in the motion. The results are given in Table 1 below. 
It will be noticed that as the stick is moved across, the period of 
rotation, the airspeed and the total force all increase. When the 
stick is also moved a little forward the time of turn is still further 
increased and the motion has developed into a steep spiral rather 
than a proper spin. In the last case when the stick was nearly 
central and a little forward, there was a considerable sideslip 
outwards. On another occasion it was found possible to convert 
a spin gradually into a spiral and back again to a spin (see 
Table 2). 

TABLE 1. 


Effect of Movement of Controls. 


Number of 
Position of Period of | Indicated | Radius of Loss of times 
control column. rotation. airspeed. turn. height. normal 
loading. 
Secs. M.p.h. Feet. Ft. per sec. 
Full back, right ... 4°2 58 30 66 1°6 
Full back, central... 4°5 70 45 83 2°6 
Full back, left 79 70 115 56 Zi 7 
Slightly forward, — 70 140 47 2°0 
right. 
Slightly forward, cen- 10:0 75 190 — Dee 
tral. | 
TaBe II. 
Conversion of a Spin into a Spiral. 
Time of turn. Indicated No. of times Radius of turn, 
No. of turn. airspeed. normal load. 
Secs. M.p.h. | Feet. 
1 4:9 ma bee 31 
2 3-8 54 ae 
3 3:8 = ae 27 
4 4°] oe — — 
5 5°2 a — Vid 
6 | 8:0 70 2°5 ce 
7 8-4 yas ae 130 
8 71 site e 115 
9 | 4-4 24 1:8 = 
10 | 4-0 55 ia. ale 
| vat Rae 
1 4°5 55 1G 35 
2 5°6 — — 62 
3 | 7:0 65 2:6 110 
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3. An approximate analysis* of the results has been made on 
the basis of no sideslip as indicated by the readings of the lateral 
bubble. The forces on the fin, rudder, and tail plane have been 
neglected as they do not appear to be large. The data used in 
these calculations have been the period of rotation, the total 
force, the indicated airspeed, and the reading of the longitudinal 
bubble. Itis then possible to calculate the attitude of the machine, 
and the various wing characteristics. The results obtained show 
that the attitude of the machine is beyond stalling, the angle of 
incidence varying from 20 to 40 degrees. The wing characteristics 
derived ‘are shown in Fig. 6. They are in good agreement with 
model tests for high angles of incidence and form continuations 
of the full scale curves obtained from other experiments. The 
radius of the turn and the loss of. height as calculated agree 
reasonably with the observations. It is to be noted that, while 
the observations of the period and total force are made with 
considerable accuracy, the airspeed is a little uncertain owing to 
the pitch of the pitot head. The observations of the radius. of 
the turn and the height drop are also rather uncertain as it is 
difficult to correlate them accurately with a particular turn and 
the latter is also affected by the lag of the aneroid. 


The analysis reveals the fact that the incidence varies rapidly 
along the span of the wings. .This point is dealt with further in 
Part IIIf of this report. 


Tasie ITT. 
Details of Spins on BH. 2H. 


(BETTE SIT A 


ML MLE UELE SPIES A 


SOTERA IEE TBE SELON OLESEN 


| 


\ | Indi- Angle , 
| ; | Number . ; Lift co- 
| Period") cated | Radius | Loss of | of flight Angle gee . 
No.| of rota- of times air- . | of turn. | height. Baas Seen of inci- | pe a ae 
tion, | otmal speed. Worse | CbRen a. oe 2 ma- rag. 
loading. Ft. montals chine. 
Secs. | M.p.h. Ft. per see. 
Tee | ° ° ° 
AL gi eet os 2:3 61 25 88 65 79 25 | 0:62 2°4 
tae 2-0 54 22 76 65 77 — = — 
Sul ease 1-6 58 18 85 712 76 Od 0:41 Ie3 
4-5 2-6 70 40 93 59 78 eS 0-54 2-9 
£5 | 45 1:6 55 20 83 eg 75 32 0-45 13 
6| 4-9 1-9 54 oy 76 61 74 26 0-63 1-9 
Ey ot 49 1:8 55 19 76 68 76 30 0:55 UES?) 


4, Some experiments were next carried out with streamers to 
measure the angle of incidence on a spin directly. Yor this 
purpose rods 12 feet long were fixed to the middle of the wing 
struts of the B.E. 2E. which had been used for the previous 
experiments. A vertical cross-piece marked in inches was fixed 
7 feet in front of the front strut and a piece of tape was attached 
to the tip of the rod. The angle of incidence could be derived 
from the position of the tape as there was little likelihood of the 


* See Part III for mathematical analysis. 


11 MY ASPET UEEY (AE | AIS EOE: 


eur: 


the spin. 
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air flow being disturbed so far ahead of the wings. The tape, 
however, fluttered so much that errors of 2° or 3° must be reckoned 
with. The airspeed was measured by a special pitot head set 
down at an angle of 30°, so that its pitch was inconsiderable on 
The subjoined table gives the results of these experi- 
ments and shows that the observations agree well with the 
calculated values. 


aeroplane the pilot and observer are both a considerable distance 
from the centre of gravity. This complicates the interpretation 
of the results considerably as both the direction and magnitude 
of the resultant force differ from the values at the centre of 
gravity. ‘The observations of a typical spin are given below :— 


TABLE V. 

: Longi- 
: Rate of | Distance : : Lateral 
Feredee dite fall: “| from C.G; | LOePRe: | Meme Sh patible 

¥.p.s. Gere 

Secs. 
EiOt’  <.s he 25 74 | 5” 1:0 20 9° 
Observer — rae ars OF 0°8 202 18° 
| 


It is difficult to derive the angle of the flight path to the horizontal, 
angle of bank, angle of incidence and radius of curvature of the 
The following values, however, 


path from these observations. 
would lead to results similar to those given in Table V.:— 


Angle of flight path = OU" 
Angle of bank sce Ake 
Mean angle of incidence = 35° 
Radius of turn re iu 


TABLE IV. 
| Angle of incidence on rods. | 
No. of | Indi- L Angle et pea. | Mean | 
Period | times | cated oa of ae ° | angle | lift | Mean 
of ro- |normal| air- "A oohit flight 5 a | of inci- Calculated. Observed. | co-effi- lift/drag 
tation.) load- | speed. |718 path. | 9°9*:| dence.| reien ton 
ing. | | 
Secs. M.p.h. | F.p.s _ Left. | Right.) Left. | Right.’ 
a ° ° ° | ° ° ° ° em 
3°7 1:8 55 82 71 78 30. | 37 17 35 1S | O58 1-6 
ie) 
3°5 1-7 53 84 74 79 32 | 41 19 38 16 | 0-56 | 1°5 
| | 
5. A few spins were also carried out on an I.E. 2B. In this 


It is curious to find that the F.E. 2B. spins more rapidly and in... 


a smaller circle than the B.E. 2E. in spite of its greater span and 
weight. It is possible that the extreme conditions may give rise 
to greater stresses than are met with in the B.E. 2E. 
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6. The general result of the experiments is to show that a 
spin is merely a spiral with a large angle of incidence on the 
wings. This angle is so great, usually well beyond stalling angle, 
that. the drag is very large and a sufficient airspeed to give the 
necessary lift can only be maintained by losing height very 
rapidly. This is why the nose of the machine points downwards 
at such a steep angle as to have given rise to the term “ spinning 
nose dive.” 

The resultant force during a spin is almost exactly at right 
angles to the wings. As the lift drag ratio is of the same order 
as the cosecant of the angle of incidence at angles of 25° to 40° 
such as occur in a spin, the longitudinal bubble remains near its 
normal position and there is no sensation of falling forward as 
there is in a steep dive. The lateral bubble remains very nearly 
central as the nose of the machine is pointing so steeply downwards 
that the bubble is very insensitive to the gravity control. 

A spin is a state of perfectly steady and by no means violent 
motion at a comparatively low airspeed. Were it not for the 
position of the controls it might well be mistaken for an ordinary 
spiral by a pilot flying in a cloud. This is due to the wings being 
stable at an angle of incidence greater than the stalling angle 
owing to lift decreasing with increasing angles whilst the centre 
of pressure moves back. A small deviation therefore tends to 
correct itself. The tail plane and elevator are not necessary for 
stability, but together they must exert a downward moment to 
balance the moment. due to the centre of gravity being in front 
of the centre of pressure. As the fixed tail plane is exerting a 
considerable upward force on account of the large angle of 
incidence, the elevator must be raised very much, 1.e., the stick 
pulled right in to counteract this effect. The wings being stalled 
the flap control is of course reversed, which is the reason that the 
stick must be held in the opposite direction to the rudder in really 
successful spins. 


7. The methods of starting a spin and of coming out of it 
are obvious once its nature is realised. As the spin itself demands 
an angle of incidence greater than stalling angle the simplest 
and commonest way of starting a spin is to stall the machine and 
put on plenty of rudder while keeping the stick well back and 
preferably to the opposite side. A less usual method is to keep 
the airspeed low on a spiral by putting on plenty of upward 
rudder and pull the stick right in and gradually put the rudder 
over. In this way the stalling angle may be passed almost 
imperceptibly. In order to get out of a spin the reverse procedure 
may be adopted, 7.e., the rudder taken off gradually and the stick 
eased forward thus turning the spin into a spiral. A more rapid 
method is to take off rudder and push the stick forward enough 
to flatten out in the usual way without going through the spiral 
stage. This method requires a certain amount of care, as a spin 
may start in the opposite direction unless the stick is eased 
forward. 
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5 : PART II. : 


STRESSES ON THE WING STRUCTURE. 


1. The stresses on the wings of an aeroplane are abnormal for 
four reasons. In the first place the angle of incidence is abnor- 
mally large, 30° to 40°. Secondly the angle of incidence varies 
rapidly along the span of the wings, the rate being as high as 1° 
per foot span in the case of the F.E.2B. Thirdly the speed of 
the outer wing tips is higher than that of the central portions, 
and lastly the centrifugal force along the wings is considerable. 
Apart from these four causes there does not seem to be any reason 
why the stresses on the wings during the spin itself should be 
large, as the loading is not excessive. In the course of a large 
number of spins on a B.E. 2E the loading was seldom found to 
exceed 2-5 g (2-5 times normal load), and in these cases the radius 
of turn was large, 7.e., the aeroplane was descending in a steep 
spiral rather than in a true spin. In a spin proper the loading 
should not exceed 2g, and any aeroplane should stand this amount, 
providing the conditions mentioned above do not introduce special 
stresses. 


2. In the cases of the B.E. 2E the abnormal conditions do not 
seem to lead to any great stresses. The resultant force for any 
large angle of incidence is almost normal to the plane of the wings, 
as is indicated by model experiments and confirmed by the 
readings of the lateral and longitudinal bubbles during a spin. 
Thus according to the model experiments on R.A.F. 6 wing 
section the direction of the resultant force relative to the wing 
chord only varies some 20° for a change of incidence from 0° 
to 70°. ‘The position of the centre of pressure changes from about 
0-28 to 0-5 of the chord as the angle of incidence increases from 
15° to 65°. Similar considerations show that the variation of the 
angle of incidence and of the speed along the span of the wings 
does not lead to undue stresses. As pointed out above the 
resultant force is almost at right angles to the chord and the 
distribution of the load is abnormal, but less so than might have 
been expected at first sight. According to the model tests the 
load at right angles to the chord of the wing only varies by some 
30 per cent. if the angle of incidence varies from 15° to 65°. The 
variation of the angle of incidence is not often greater than this 
even in a very violent spin. Assuming the most unfavourable 
distribution of the angle of incidence actually found, with all the 
controls as far over as possible, whichis roughly 10° to 50° from wing 
tip to wing tip, the bending moment on the front spar of the 
outer bottom wing is 400 lbs. ft. corresponding to a factor of 
safety of 1-9,* the loading on the machine being 1-7 times normal. 
The factor on the rear spar of the inner bottom wing is 2-2 and 
on the front spar of the outer top wing 2-3. The factors on the 


* This assumes the failing strength of spruce to be 5,500 Ibs. /in.*. 
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other parts are considerably greater. The torque along fhe wing 
due to the shift of the centre of pressure is not serious. Thus 
from 15° to 70° the centre of pressure only moves 0-22 of the 
chord. The torque on a B.E. 2K wing would safely be taken up 
by the incidence bracing and lift wires. The fact that the speed 
ot the wing tips is greater than at the centre increases the load 
on the extension, but not seriously. This effect is taken into 
account in the above calculations. The centrifugal force along 
the wings may amount to some 69 at the tips, but the weight of 
the wings is small and the total force is insignificant compared 
with the stresses wood will take in tension. In any case this 
effect will relieve the compression of the spars and strengthen 
the wing. The fixing of the wings to the body is normally calcu- 
lated to stand compression, and tension so that there is no danger 
of the whole wing coming loose. 


3. The only times apparently during which dangerous forces 
are likely to be exerted on the wings are when getting into or 
coming out of the spin. “The stalling angle must be passed in 
these cases-and if it is passed at a high speed the stresses will 
certainly be great. Thus if the spin is started from a spiral by 
pulling the stick in without taking care to keep the speed down 
with the rudder, the stalling angle is passed at a comparatively 
high speed. At 80 m.p.h. the loading will be 4 times normal and 
at 100 m.p.h. the machine might break. The same of course 
applies to the conversion of a spin into a spiral. Starting a spin 
in the usual manner, by stalling the aeroplane when flying straight 
and then. crossing the controls, is scarcely likely to put any stress 
on, the machine, as the speed never rises above some 60 m.p.h. 
Coming out of the spin by putting the controls central and 
converting the spin into a nose dive is probably quite safe so long 
as care is taken to pull out of the dive gently. The speed of 
course is likely to increase very rapidly during the dive and it 
is found in practice that the stress coming out of the dive is 
greater than during the spin. It might be desirable for pilots 
engaged on spinning tests to use an accelerometer and to avoid 
letting the loading rise above 3g. If the aeroplane spins faster 
than the B.K. 2E with which the experiments were carried out, 
the factor of safety might be less, but it does not seem likely that 
the conditions would be seriously aggravated. 


os | 
RS 
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PART. Lit. 
MoTION OF CENTRE OF GRAVITY. 


1. Two sets of axes Off and OX YZ are used. The former 
is fixed in space, OC being vertical. The latter is fixed in the 
aeroplane and is chosen so that OX is the projection of the line 
of motion of the aeroplane on to its plane of symmetry, and OY 
is at right angles to this plane. The axes OX YZ are derived 
from the axes O&7% by a pitch 0 about Oy and a bank & about OX 
(see Figure 1). 


2. Let R be the radius of the cylinder on which the aeroplane 
moves, U the speed of the aeroplane, w the angular velocity of 
the turn, h the height drop per second. Also let kg be the accelera- 
tion corresponding to the resultant of the air forces. The resultant 
of gravity and the centrifugal force will act along OG where G 
lies on the great circle yf and cos GC = 1/k. If there is no side 
slip G must be the intersection of XZ and yf, because the air- 
forces consist solely of the lift at Z and the drag at X. When 
there is side slip the angle GT is determined by the reading of 
the lateral and longitudinal levels. 


3. Resolving along the axes OX YZ we obtain the equations 


a~ 


k pAU? = mg sin 0 
i 


Y = mg cos 9 sin d — mw?R cos d 
kp AU? = mg cos 0 cos dé + mw?R sin 


where /, and k, are the lift and drag coefficients of the whole 
machine, Y is the lateral force due to side slip, and it is assumed 
that the side slip is too small to effect the lift and drag. In 
addition there are the relations 


wR = U cos 8 
h = Usin 0 : . : ah: 6) 
ae gq? + w4tR2 


4, If readings of the longitudinal and lateral bubbles (7 and 7’) 
are obtained, a complete solution can be derived. The two 
bubbles are assumed to be fixed at the centre of gravity of the 
machine, and the zero of the longitudinal bubble is taken to 
coincide with zero wing incidence. From Fig. 2 it is then possible 
to deduce the relations 


tan n = cos 7 tan 2’ 


eats | 
sin i( sid) av p : oF (3) 


k cos w 


Peed recs — cos Oki 


Equations 1, 2, and 3 give a complete solution of the aeroplane’s 
motion, including a determination of the angle of incidence. 
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5. Case of no sideslip.— Observation shows that in most spins 
the sideslip is negligible, and this case will be considered in some 
detail. The equations (1) reduce to 


kpAU? = mg sin 0 

kp AU? cos, = mg cos 9 

"t — tan 0 cos ¢ cane : Efi 
‘I 

wU =g tan ¢ | 


These equations have been used to analyse the experiments with 
a view to determining the attitude of the machine, the nature 
of its path, the angle of incidence and the wing characteristics. 
It was found that the incidence varied considerably along the 
wings, differing at times by as much as 50° between the wing tips. 
The coefficients k, and kz must therefore be regarded as mean 
effective values corresponding to these abnormal conditions. 


6. The force equations (1) are nearly independent of details 
. of design, such as size of fin, rudder, elevators, &c., but they 
involve broad characteristics such as loading and aerofoil section. 
Differences in body resistance, &c., are not important at high 
angles of incidence. It will be found, however, that the moment 
equations (Part IV) depend very much on details of design, par- 
ticularly of control. It follows that two machines which have 
the same wing sections and loading can be made to spin at the 
same speed and in the same attitude if the controls are sufficiently 
powerful. 


7. The third equation (4) gives a relation between 0, ¢, and 
the aerofoil characteristics. This relation is shown graphically in 
Fig. 3 for R.A.F. 6 wing section. The drag coefficient has been 
increased by 0-014 to represent the body drag. An inspection of 
this diagram shows that ¢ is even greater than 0 in spinning motion 
(i.e., when 6 is large) except when the angle of incidence is very 
large, say, 40° or more. The conclusion is that the angle of 
“bank ” is always of the order of 70° to 90° during spins. This 
large bank is, however, not very obvious to an observer, because 
the outer wing tip is very little above the level of the inner, owing 
to the steepness of the flight path. The term bank is used in its 
ordinary meaning, viz., the angle through which the aeroplane 
must rotate about its flight path in order to obtain the symmetrical 
position (7.e., plane of symmetry vertical). 


Table 6, on which Fig. 3 is based, gives the values of R, U, 
« and ¢ for various values of 0 and «, the mean angle of incidence. 
These figures assume a machine whose wing loading is 6%, but 
the relation between 0, ¢, and « is independent of this value. 


8. The resultant force on the machine is measured by the 
quantity k and gives a limit to the possibility of spinning from 
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considerations of strength. k is measured experimentally by 

“means of an accelerometer, but the reading needs correction unless 
the accelerometer is fixed at the centre of gravity of the machine 
and in the direction of the resultant force. In the case where 
_ there is no sideslip the expression for & can be reduced to 


i= 'sin 8 Aft + (ki [ka ; ; 2 1S) 


sin 0 is of the order of 0-9 for a true spin and so k varies roughly 


as a Thus the resultant force increases as the angle of incidence 
2 d : 


decreases so long as 8 remains large. The curves of Fig. 4 show 
that the stress may become dangerous if a machine is held in the 
attitude of spinning without being stalled. This is due to the 
high speed under these conditions (see Table 6). 


9. Reduction of experiments—The quantities determined 
experimentally and used in analysing the results obtained were 
the speed U, the angular velocity w, the resultant force k, and 
the readings of the two bubbles 7 and 2’. The height drop by 
aneroid and the radius of turn measured by means of a camera 
obscura were used as a check. When the observations of k, 7 and 2’ 
were obtained at the centre of gravity, as in the case of experi- 
ments on a B.E. 2K, the analysis was carried out by means of 
equations 1, 2, and 3. The results obtained were the values of 
R, h, 9, 6, «, k,, ka. The values derived from a number of spins 
on B.E. 2E. have been given in Part I of this report (see Table 3) 
and showed satisfactory agreement with the check observations. 


10. Velocity and force at a distance from the centre of gravity — 
For this purpose it is useful to have axes OABC fixed in the 
aeroplane and with OA parallel to the wing chord and OB coin- 
ciding with OY. The equations to transform from these aeroplane 
axes to the fixed axes whose origin coincides with the centre of 
gravity of the aeroplane at that instant are 


e=acosatesina  ) 
=O eee : : ‘ 3 ES) 
z= —asna-+ccose | 


§ =xcos 9 — ysin 0 sin d — zsin 0 cos 
7 =ycosd—zsind (7) 
¢C =asin0 + ycos0sind + zcosOcos¢ 


The radius of the cylinder described by the point (abc) is 


4/6* + (R +»)? and so its velocity has components relative to 
the axes (XYZ). ; 


= — U — wx cos f) 
Uy = wy sin 0 sind + w& cos d ee : (8) 
Uu, = on SinO cos $ — mE sin d ,) 
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The difference of the incidence at the point of the wing from 
the mean incidence is given by tan Aa = — 

11. The gravity and centrifugal forces at the point (abc) have 
components parallel to the axes (ABC) of value 


A = — g (cosa sin 9 — sin « cos 0 cos ¢) 
+ w?{&(cos « cos 0-++sin « sin 8 cos d) + (R + y) sina sin ¢} 


B = — gcos 0 sin d — w? {€ sin 8 sin é — (R + y) cos ¢} (9) 
C = — g (sin « sin 0 + cos « cos 8 cos ¢) 
+ wm? {&(sin « cos 89 — cosasin 8 cos ¢) — (R + y)cosasin } 


The angles 7 and 7’ measured by the longitudinal and lateral 
bubbles at the point (abc) are now given by tan 1 = A/C and 
tan 2’ = — B/C. 


The quantity measured by an accelerometer fixed in the 
machine at this point is C /g. 


12. The equations developed in the last two sections make it 
possible theoretically to analyse the observations even when the 
instruments are not fixed at the centre of gravity of the machine. 
In practice the analysis becomes far too complicated to deal with 
directly, but it is possible to determine the kind of variation to be 
expected some feet from the centre of gravity and to determine 
the motion corresponding to the observed quantities by trial 
and error. 


13. Numerical example—As an example of the analysis 
developed above, a spin on a B.E. 2E machine has been chosen 
in which the flaps were held in a neutral position. The data on 
which the analysis is based are U = 108, wm = 1-39, & = 2-6, 
1 Be weeds 

Equations (1), (2) and (3) lead to the solution 

R=40, h=93, 0=59°0 $= 74°7 
2) Pe = 053, se 


The variation of the speed and angle of incidence over the 
wings has been worked out by the method developed above. 
The results are shown in Fig. 5. The values refer to the middle 
of the wing chord. The angle of incidence as calculated is 2° 
higher and the speed 2 f.p.s. lower at the leading edge than at 
the trailing edge. There is no difference between the two wings 
as regards angle of incidence, but the speed differs by some 
5 f.p.s. 
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TABLE 6. 
Angle of Angle of Angle of Speed. Rate cf Reduced 
incidence. | flight path. bank. . U. spin. spiral. 
a 6 te) w R. 
M.p.h. Ft. 
15 20 66°9 72°5 0°71 141 
30 75°7 87°7 0:98 114 
40 80-2 98-2 1:28 86 
50 83°1 108°5 1°67 61 
60 85°3 115 2°33 36 
70 87:0 120 3°49 17 
80 88°6 . 123 7°30 4 
20 40 64:9 67°7 0°69 110 
50 72°5 74:0 0°94 74 
60 78°2 78°7 1°34 43 
70 82°6 82:0 2°06 20 
80 86°4 83°8 4°16 5 
30 40 42°7 54°4 0°37 164 
50 58°8 59°4 0°61 92 
60 69:1 63°2 0°91 51 
70 77:0 65°8 1°44 23 
80 83°7 67°4 2°95 6 
40 40 39°4 49°7 0°36 a) 
60 58°0 52°9 0°66 58 
70 70°5 55°0 1:13 24 
80 80°7 56°4 2°38 6 
50 60 45°1 49-0 0°45 80 
70 63°6 50°9 0°87 es) 
80 hie 92°2 jie JAVA 
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PART IV. 
MoTION ABOUT CENTRE OF GRAVITY. 


The axes chosen for dealing with the equations of moments 
are the axes AOBC defined in § 10 of Part III. The equations 


are 
— Mo pw (hk, — h?,) = Py + wel 
ae MOO (Kk, io ke?) ee Q, ie Q. 
— Mogwd(k?, — k?,) = Ry + Rg J 
where w, = w (cos « sin 0 — sin.« cos 0 cos 4) 
©, = w cos 0 sin d 
©, = w (sin « sin 8 + cos « cos 9 cos ¢) 


(10) 


k, ky, k, are the radii of gyration about the axes, and P, Q, R 
are the moments of the air forces about the axes, the suffix (1) 
refers to the wings, (2) to the tailplane and elevators, and (3) to 
the fin, rudder and body. The quantities P,, Q,, R, can be 
neglected to a sufficient approximation. 


2. Movement of the flaps affects P, and to a less extent R,, 
the elevator angle affects Q, and the rudder angle R,. Thus if 
the motion is determined from the previous considerations, these 
three equations serve to determine the necessary position of all 
the controls and the spin will be a possible one if these lie within 
the range of movement. The three moment equations will be 
examined in turn to see if the values obtained from the analysis 
of an actual spin can be made to agree with possible positions - 
of the controls. 


3. Rolling moments.—Taking the experimental spin considered 
in § 13 of Part III, the values of the constants are 


des diye == 09s Gis (eed @ ==1-39 
and so 
Gy, = 41-06 @, = 0-69 @, == 0-09 


The change of incidence along the wing is 0°-63 per foot and 
the variation of speed along the wing is shown in Fig. 5. With 
these values the inertia term of equation (10) has a value of 590 
lbs. ft. and from model data of R.A.F. 6 wing section the value 
of P, is calculated to be 1,000 lbs. ft. The difference is accounted 
for partly by the rolling moment P, of the fin and rudder, which 
is estimated as 300 lbs. ft., and the remaining 110 lbs. ft. is 
probably due to a small flap angle or errors in the approximate 

data used. 7 


4. Pitching moments.—The inertia moment is — 780 lbs. ft. 
The value of Q, depends on both the lift and drag of the wings, 
and taking the mean incidence of 20° these two parts give respec- 
tively — 5,750 and 3,050 lbs. ft. Q, must therefore have a value 
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of 1,920 Ibs. ft. or a negative tail lift of 115 lbs. Allowing for the 
rotation and taking the downwash from model tests as 7° the 
effective tail incidence becomes 17°. Full scale tests on the 
elevators then indicate that an elevator angle of — 30°, which 
is the limiting position, would give a tail lift of 104 lbs. This 
gives excellent agreement for the pitching moments. 


5. Yawing moments.—In this case the inertia terms are 
negligible as k, is nearly equal to k,. The yawing moment on 
the wings due to the longitudinal force is 2,900 lbs. ft. and is 
assisting the rotation. Due to the rotation the fin is yawed 5° 
and gives a moment of — 360 lbs. ft., but with the rudder set 
over to assist the turn, as in the case of a spin, this value may 
be changed to as much as 1,600 lbs. ft. for a rudder angle of 30°. 
This is a considerable discrepancy, but too much.importance must 
not be attached to this result as the longitudinal force is rather 
uncertain, and a small change in the angle of incidence or a small 
flap angle would produce large changes in the -yawing moment. 
The method of integrating the forces over the wing also involves 
considerable uncertainty in the results, as the actual distribution 
of the air forces may differ considerably from that obtained by 
assuming that the lift and drag of any section of the wing corre- 
spond to the calculated angle of incidence at that section. 


6. The above analysis of a typical spin shows how the various 
forces are balanced. Experimental results also indicate that this 
is a stable form of motion. The effect of movement of the controls 
has been described in Part I, and it is seen that any movement of 
the controls from their limiting positions increases the period of 
rotation and the stress on the wing structure. 


The chief characteristics necessary for a machine to spin 
rapidly are large elevator and rudder controls. A low position 
of the centre of gravity will enable a machine to spin with less 
elevator control owing to the increased pitching moment of the 
wing drag. The same effect is produced to a smaller degree by 
distributing the load along the body. A reduction of wing span 
and. a small fin area will also aid the rudder. The total load on a 
machine during a spin is less than that obtained on a really sharp 
turn or spiral, but owing to the peculiar distribution the factor 
of safety is not very high. 
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THE OBJECT OF TABULATING ENGINE DATA. 


By Lreut.-Cot. Mervyn O’Gorman, C.B. 


Reports and Memoranda, No. 503. May, 1917. 


1. The utility of standardising the “‘ dry weight ” of engines: 
which has been suggested by Commander Briggs is not to be- 
questioned, and the only addition I would make is to suggest 
that an agreed symbol for this “‘dry weight’ might be put 
forward at the same time. 

2. The reason for defining this or any other matter, such as. 
the agreed total loaded weight of an aeroplane, etc., is that 
when data are collected they shall be comparable. The use 
of the tabular form is the expression of this; the object is to. 
save time on the constantly repeated references made by the 
administrative staff and others to the relative engine performances, 

3. It has been objected that tabulation and the attendant. 
standard definitions for one purpose cannot be precisely in the 
form required for another, and.that is the reason urged here for 
considering some of the objects of producing such definitions 
and such tables, so that they may be as useful and as little liable. 
to misconception, as possible. 

4. One of the uses of engine data tables is the ultimate one. 
of getting good aeroplane performances, by giving to the. 
administration a rapid and accurate indication as to which engine 
weight and engine power should be selected. Ii this view is. 
adopted, a table which includes for some engines the weight of 
cooling and omits it from others requires to be supplemented 
by some such figure as a ‘“‘ Weight of the power wnit complete.’” 

5. For intercomparison between water-cooled engines alone, 
the dry weight is more helpful and accurate, and therefore the 
dry weight as defined is not here objected to, but welcomed. 

6. The weight, W, of the aeroplane loaded per h.p. (normal), 
being one of the most important factors in relation to performance, . 
it is useful to consider that W is made up as follows :— 

W.= P20 SF ae 
when 

P is the power unit complete. 

Uis the military load, viz., pilot, passenger (if any), guns, 
ammunition, such mountings as are not structural to, 
the. aircraft, bombs, bombsights, armour (non-- 
structural), bomb carriers, landing lights, etc. 

F is the fuel, oil, and tanks. 

G is the glider weight. 


ToL 


It is now worth discussing what can most usefully be 
stir in the power unit weight, « P,” and it is suggested that this 
should be 
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viz., the cooler, the airscrew, and certain sundries to be fixed 
arbitrarily. 


8. (a) The weight of ihe cooler system, with all water and 
pipes and sundries relating to the cooler, is probably best expressed 
as a function of the agreed normal h.p., say 0-65 lbs. per b.h.p. 
normal. 


In this way any improvement of radiators is made available 
for the credit of all engines using radiators. In view of the 
wide range of speeds at which aeroplanes perform, there is an 
inaccuracy, but this is much less than appears because the size 
of the necessary radiator is determined by the worst heating 
condition, which occurs on climbing “all out.””> When radiator 
shutters become universal they should be included. 


9. (b) The weight of the airscrew.—This also goes up with 
the h.p. handled and goes up as the screwshaft speed or engine 
speed goes down, so that the estimation of the airscrew weight 
for accuracy needs to be based on the, data of the particular 
engine considered. 


There exists a rough rule, which should, it is suggested, be 
gone into by using data of the class supplied by 8.R.A.F. on 
oeriye AV y- 


——_~ in lbs. for airscrew shaft of 1,600 r.p.m. 
———~ in lbs. for airscrew shaft of 1,200 r.p.m. 


—~—" in lbs. for airscrew shaft of 900 r.p.m. (4 blades). 


10. If such rough rules are used in the power unit weight 
they could be remodelled as the tables are brought up to date 
when actual experience of the engines in the air exists. But 
pending such experience, there is need for the just approximation 
to the airscrew weight, not only because the aeroplane design 
must carry this weight but for comparison purposes between 
verious power units. 


11. (c) There are certain Sundries which should be included 
in making up the power unit weight. Thus, some engines 
definitely require two magnetos to get the requisite power ; 
if so, the extra magneto should be added in. There are also 
among these sundries the throttle control, ignition control, 
mixture control, altitude device, petrol pipes to the tanks, etc. 
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These are no doubt not precisely a constant amount for all 
engines, but a figure should be added to represent these, when 
determined from existing analyses, since it ought not to be ignored. 
It may be about 15/20 lbs. per engine, or more. 


12. The very large engines have a further weight called for 
in the power unit in requiring starting gear consisting of items 
which are not included in the dry weight. This is properly 
part of the power unit weight, and even if no definite size of air 
bottle or other device has been standardised, a suitable repre- 
sentative weight could be taken. What this weight is could, 
if the departments were to afford the information, be sufficiently 
closely known. It is improbable that it varies gradually with 
the h.p., but is more probably to be taken in steps, according to 
the class of engine. 


13. The stationary engines all employ exhaust manifolds 
and exhaust pipes. A reasonable weight based upon experience 
should be added, probably indicated by a constant figure, or 
more accurately by a constant plus a variable per h.p., which 
should be averaged up and added to the power unit. An allowance 
for cowling might be added also. 


14. It is to be agreed that certain inaccuracies must exist 
in such “‘ power unit weight,” and in any deduction made as 
to the “ power unit weight ”’ per h.p. because 


(i) of the imperfect estimation of (a), (b) and (c) above ; 


(ii) of the incompletely defined h.p. of rotaries when 
under a close fitting cowl, and the difference of head 
resistance of various shapes of engine ; 


(iii) of the effect on carburation of altitude ; 


(iv) ef the effect of blowers or supercharger when intro- 
duced. 


15. As regards (i), (ii) and (iii) these need not prevent the 
cata from being very useful in their approximate form. If no 
such data be given, the inaccuracy of any comparison becomes 
even greater, since each authority making a study of the question 
will be obliged to estimate these matters for himself, and the 
unnoticed omission of some detail which may accidentally occur 
in one case and not in another will tend to incorrect deductions, 


16. As regards (iv), the effect of the blowers. This could be 
practically eliminated if it were agreed that all the h.p.’s were 
corrected for operations supposed occurring at a good average 
height, say 6,500 feet (2,000 metres), or if preferred, 10,000 feet 
(3,000 metres approximately). Then, when the blower engines 
come in, or the Ricardo engine becomes a quantity to be reckoned 
with, it would fall correctly into the table. 


If the I.C.E. Committee accepts the general idea of this 
recommendation it is invited to decide arbitrarily upon the 
data, h.p. at height and sundries included. 
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17. Weaght of fuel, ol, and tanks.—It is suggested that these 
weights do not enter conveniently or usefully into the weight of 
the power unit. They are liable to rapid alteration by any change 
in the character of the warfare. They are different according 
to the class of aircraft (seaplane, scout, fighter, bomber, recon- 
naissance or artillery machine), and, moreover, the rate of fuel 
consumption is a quantity which is not fixed in relation to an 
individual engine type, but departs much from test results in 
accordance with what squadron is‘in charge of the particular 
engine and carburetter. It also varies with the climate and 
other matters. 


18. In order to give value to the differences known to exist 
between the fuel and oil consumption of air-cooled rotaries, 
air-cooled stationaries, water-cooled stationaries, and super- 
charged engines like the Ricardo, it would seem best for the 
moment to take the joint weight of fuel and oil at some such 
figures as :— | | 

0-75 lbs. per normal h.p. hour for rotaries, 

0-7 lbs. per normal h.p. hour for air-cooled stationaries, 

0-65 lbs. per normal h.p. hour for water-cooled stationaries, 

20-6 Ibs. per normal h.p. hour for Ricardo type engines, 


and to add 10 per cent. of this weight for tanks in all cases, 
keeping, however, this fuel, oil and tanks item in a separate 
column, and I suggest for the present taking the 3-hour full 
power at 6,500 feet as the basis and leaving out any allowance 
for climbing time (save in so far as the extra half hour’s fuel 
included in the 3 hours may be said to allow for the climbing 
expenditure of fuel). 


19. Military Load, U.—It will be observed that the weight, 
‘ F,” of fuel and oil and tanks is kept separate from the military 
load, which is entirely independent of the engine design and 
indeed of the aeroplane designer, but which represents the main 
objects which the aeroplane has to transport. The actual. load 
imposed is not, even for one class of aeroplane, e.g., single-seater 
fighter, strictly constant, but it is to be considered whether, in 
view of the enhanced value of tests which might be made truly 
comparable, it is not worth while to do this. Strictly equalising 
the loads during the actual testing—even though for certain 
reasons the use in the field called for the differences (which are 
to be noted in the existing tables)—would make the performances 
as measured a better index of the technical achievement of the 
designer, and a basis for deducing improvements in designs 
generally. 


20. Glider weight—There remains the glider weight, which 
should if possible be defined, and not left simply as the residuum 
after deducting the previous loads. This would not, however, 
be a matter for the I.C.E. Committee, save in collaboration with 
the Aeroplane Committee so as to get a consonant whole. 
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ON THE DISSIPATION OF HEAT FROM THE SURFACE 
OF AN AIR-COOLED ENGINE WHEN RUNNING 
AND WHEN AT REST. | 


By T. E. Stanton, D.Sc., F.R.S., 


Miss DorotHy MarsHatu, B.Sc., and E. Grirriris, D.kc. 


Reports and Memoranda, No. 520. October, 1917. 


SUMMARY.—The experiments described in the report are the outcome 
of the suggestion approved at the meeting of the Advisory Committee 
in January, 1917, that an investigation should be undertaken at the 
Laboratory with a view of obtaining further evidence on the effect of 
vibration on the heat dissipated from the surfaces of air-cooled engines. 


Some experiments were made at the National Physical Laboratory 
in September and October, 1916, on the resistance of a copper tube, and 
the heat transmission from a platinum strip, when Vibrating and when at 
rest. No difference due to vibration was detected in these experiments. 
Experiments were also made on a honeycomb radiator, and no effect of 
vibration on resistance or cooling was observed. It was thought that 
the absence of effect in these experiments might be due to the low 
frequency of the vibrations, but experiments in the Heat Department 
with a bar vibrating at a high frequency likewise exhibited no result due 
to the vibration. 


In the present communication experiments are described on the dis- 
tribution of temperature in metal rods rigidly attacked to one of the 
cylinders of an aero engine, and in the gills of the cylinder itself, with the 
engine running at various speeds and with the engine at rest. 


The emissivity coefficient for each metal bar and also for the cylinder 
gill is calculated, and its relation to the temperature difference betwcen 
metal and air is examined. 


The experiments afford no evidence that the thermal emissivity of 
the cooling surfaces is appreciably affected by vibraticn, 


In the early part of 1917, evidence was brought before the 
Advisory Committee for Aeronautics which appeared to lead to 
the conclusion that a hot body, subject to high frequency vibra- 
tions, such as those produced in an aero engine cyclinder by the 
explosions, possessed a thermal emissivity from its surface 
considerably higher than when these vibrations were absent. 
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After discussion, it was agreed that, in view of the important 
bearing on engine design of such an increase in thermal emissivity 
due to vibration, experiments should be carried out at the 
Laboratory in order that the accuracy of the above conclusion 
might be investigated under more rigorous conditions than had 
hitherto been possible. 


By the kindness of General Sir David Henderson, a 70 h.p. 
Renault air-cooled engine was supplied by the Royal Flying 
Corps for the purpose of the tests. _ 


This engine was mountéd on the test stand previously used 
for the engine tests in the Patrick Alexander Competitions of 
1909 and 1911. 


In this plant, which has been fully described in the Advisory 
Committee Report for 1909-10, the power is absorbed by a 
generator mounted on knife edges so that the torque can be 
measured, the current generated being dissipated in resistance 
mats. The air blast for cooling purposes is supplied by a motor- 
driven fan. 


Two series of experiments were made :—- 


Serves I.—Observations of the distribution of temperature 
in metal rods of circular cross section rigidly attached at one end 
to one of the cylinders of the engine under the following conditions, 


(a) when the engine was running at various speeds ; 


(b) when the engine was at rest and the root temperature 
of the rod maintained at the value which it had in 
the running test, by means of a heating coil wound 
round the rod at its base. 


Series IJ.—Observations of the distribution of temperature 
in one of the gills of the engine cylinder, 


(a) when the engine was running at various speeds ; 


(b) when the engine was at rest and the root tempera- 
ture of the gill maintained at the value which it had 
in the running test, by means of an electric heater 
specially designed for the purpose of the test. 


SERIES I. 


Experiments with metal rods fixed to the cylinder—In the 
design of the apparatus for these tests, the essential conditions 
to be fulfilled were as follows :— 


(1) That the rods should be attached to the cylinder in such 
away that there could be no doubt that any vibration of the 
cylinder itself was communicated to the rod. This was not 
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an easy matter on account of the thinness of the walls of the 
cylinder, but after some consideration it was decided to use the 
sparking plug connection as the method of attachment for the 
rod. | 


(2) That the rod should be screened as far as possible from 
the radiation of the hot cylinder and from currents of hot air 
which might impinge on it during the running tests. 


(3) That, in the stationary tests, means should be provided 
of maintaining the root temperature of the rod at the same 
value as that which was obtained in .the running tests. 


(4) That the position of the rod relative to the engine and 
the air blast should remain unchanged throughout the whole 
of the static and running tests. 


The arrangement finally adopted to satisfy these conditions 
is shown in Fig. 1. 


R is the experimental rod which is firmly bolted to the engine 
cylinder by means of the sparking plug screw. The diameter 
is 1-27 cms.,and the total length of the cylindrical part 14-2cms. 
The last 3-2 cms. at the root is wound with a heating coil of 
nichrome flat strip connected with the supply mains through a 
variable resistance so that in the stationary trials the root tem- 
perature could be maintained at the. value which it had in the 
running trials. The experimental length is 9-7 cms., and thermo- 
junctions are fitted at given distances along the length. For 
attaching the thermo-junctions small holes were drilled in the 
rod, and the connections made by driving a wedge of the same 
metal as the rod into each hole so as to fix the junction securely. 
S is the screen to prevent radiation and eddy currents from the 
cylinders reaching the surface of the rod. This was lined on 
the upper surface with a layer of uralite 0-4 cms. thick. 


The temperature of the air impinging on the rod was taken 
by a thermo-junction 10 cms. in front of the rod, and the 
velocity of the air by means of a Pitot tube fixed to the screen 
in front of the rod and at the same distance from it as the axis 
of the rod. The junctions used were of iron-constantan wire, 
and were four in number and so arranged that by means of a 
special switch all the readings could be taken in succession on 
a Paul unipivot millivoltmeter. 


The method of taking the observations was to run the engine 
up to the required speed and to take a set of readings when 
the temperature conditions became steady, which was generally 
about 10 minutes after the speed had been obtained. A second 
set was then taken, and if the latter were in agreement with the 
former, the engine speed was increased and readings taken at 
the new speed. When several sets of observations had thus 
been obtained, the engine was stopped, the air blast being left 
on. The heating current was then put on, and when the tem- 
perature at the root of the rod had attained a steady value 
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equal to that which it had during the first of the running experi- 
ments, sets of readings were taken as before. Further sets of 
observations were then taken corresponding with the other 
engine speeds. 


Results of Experiments. 


No. 1 rod.—This was machined from a bar of cast aluminium 


alloy (R.A.F.B4) supplied by the Superintendent of the Royal 
Aircraft Factory. 


The dimensions of the bar and the positions of the thermo- 
junctions were as follows :— 


Diameter = 1-27 cms. 
Distance of observation points from the cooler end :— 
fee OrC ieee Use too Clee tag —— Oni CIe.* uy == 9.7 Ci). 


The temperatures at crankshaft speeds of 1,800, 1,400 and 950 
revolutions per minute, and when'stationary, are given in Table 1. 
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Calculated values of the emissivity coefficient from the resulls of 
Table 1.—Denoting by o the heat abstracted by the air in 
calories per second, per unit surface of the rod, per degree differ- 
ence of temperature between rod and air; and assuming that in 
any experiment the value of o between the observation points 
is practically constant, the ratio of the temperature differences 
0, and 6, between metal and air at any two points will be given 
by the expression 


(ey e 
cosh mx, + Ta sinh mz, 


= ate: Sarey et 


ay Oe 
cosh mx, + Fie sinh mx, 


0, 


0, 


where k = conductivity of metal, 
ry = radius of rod, 


and m= = /— 


Taking the observed temperature differences at the two 

extreme observation points, 7.e., 
= OS CM, and, by — 9° 7.Cm., 

and using the value of k determined at the National Physical 
Laboratory for this bar, the values of o have been calculated 
from the above formula and are given in the last column of 
Table 1. The variations of 0 along the rod are also shown 
plotted in Fig. 2 for the three engine speeds and for the corre- 
sponding static tests. 


No. 2 rod.—This was machined from a bar of cast copper. 


The dimensions of the bar and the positions of the thermo- 

junctions were as follows :— 
Diameter = 1-27 cms. 

Distance of observation points from the cooler end 
%=05 ,% =65 , %, = 9-5 cms. 

The temperatures at crankshaft speeds of 1,780, 1,520 and 
1,180 revolutions per minute, and when, stationary are given in 
Table 2, together with the values of o calculated from (1) on 
the assumption that the thermal conductivity of the copper 


was constant throughout the experiments and equal to 0-9 in 
C.G.S8. units. 


The variations of 6 along the rod are shown plotted in Fig. 3. 


From the calculated values of co given in Tables 1 and 2, 
it will be seen that for the same temperature difference between 
air and metal at the base of the rod, the thermal emissivity 
for both copper and aluminium rods is practically the same 
when the engine is running and when it is at rest. This is also 
obvious from the close agreement in the temperature gradients 
plotted in Figs. 2 and 3. d 
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At the suggestion of Lieutenant Gibson sets of observations 
of the temperature gradient in the aluminium rod were also 
taken under the following conditions :— 


(1) With spark advanced. 

(2) With spark retarded. 

(3) With a mixture richer than the normal. 
(4) With a mixture poorer than the normal. 


In no case, however, was there any appreciable difference in 
the temperature distribution on the rod when the engine was 
running, and when it was at rest with the root temperature 
maintained by means of the heating coil at the same level as 
in the corresponding running test. 


The dependence of the emissivity on the temperature.—From 
the results given in Tables 1 and 2 it will be seen that, in the 
case of the aluminium rod, when the temperature difference 
between metal and air at the base is increased, there is a small 
but appreciable increase in the value of o, whereas for the copper 
rod no definite rise in o with temperature is apparent. This 
latter effect, however, may be due to the smallness of the range 
of temperature obtained in this series of experiments, and in 
view of the results of other experiments, in which a small but 
definite rise in the value of the emissivity coefficient of a 
flat copper strip was detected, it was decided to determine 
the heat emission at a series of temperatures covering the widest 
range obtainable with the available heating arrangements (engine 
standing), and to do this both for copper and for aluminium. 
In the case of copper, the same bar was used that has been 
previously described. In the tase of the aluminium alloy a 
new bar was made, still of 1-27 cms. diameter, but longer than 
the original bar and with a larger basal portion on which a more 
effective heating coil could be wound. This coil was made of 
carefully insulated flat strip nichrome alloy, and over it was 
fitted a brass clip by means of which the bar was secured in 
position. The new bar was intended for stationary tests only. 
Two temperature observation points were provided, one 8 mm. 
and the other 8 cm. from the cooler end of the bar. 


Tables 3 and 4 show the values of o calculated from the 
new series of observations. It will be seen that both for copper 
and for the aluminium alloy o appears to increase as the mean 
surface temperature of the bar is raised, but that the proportional 
increase in o is considerably greater for the aluminium alloy 
than for copper. 


The results of these experiments thus confirm the conclusion 


that there is an appreciable rise with temperature in the value 
of the emissivity coefficient. 
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Series IT. 


Observations of the distribution of temperature in the gills of 
the engine cylinder.—In the provision of the appliances required 
for making the tests on the cylinder gills, the essential conditions 
to be fulfilled were :— 

(1) that the external conditions of the gills as regards situa- 
tion relative to air blast and intensity of air blast should be 
identical in the static and in the running tests. This condition 
does not seem to have been fulfilled in much of the previous 
work, in which it has been necessary to remove the cylinder 
from the engine bed and erect it in a wind tunnel, so that both 
the speed of flow and the distribution of flow round the cylinder 
were different in the two cases. 

(2) that in the stationary tests means should be provided 
of regulating the temperature of the root of the gill to the value 
which it had during the corresponding running test, and main- 
taining it at that temperature for the duration of the experiment. 

In one set of experiments the temperature of the gill 
during the static tests was maintained by the internal 
heating of the cylinder by means of a blow lamp. How the 
regulation was effected is not described, but after some pre- 
liminary experiments with various methods the authors of the 
present paper came to the conclusion that the only satisfactory 
method of satisfying the above conditions was by means of an 
electric furnace fitted into the cylinder body and provided with 
the necessary resistances for regulation. Such a heater was 
accordingly designed and constructed in the Heat Department 
of the Laboratory. 

The general arrangement of the cylinder, the gill under 
observation and the appliances for determining the temperatures 
of the gill and the velocity and temperature of the air current 
are shown in Fig. 4. In the same figure is LOIS a view of the 
electric heater. 

In order to prevent the cooling alr impinging on the experi- 
mental portion of the gill from being heated by radiation and 
convection from the hot cylinder, and also to shield from radia- 
tion the thermo-junction used to determine the temperature of 
the air impinging on the gill, a small sheet iron screening channel 
lined internally with asbestos was attached to a bracket and 
fitted close up to the cylinder in the position shown. Small 
Pitot and static pressure tubes were fitted as shown to measure 
the velocity of the air current between the gills, and a second 
set of tubes was fixed between the engine and the roof of the 
wind channel to measure the average wind speed over the engine. 

The two thermo-junctions TJ,, TJ, were fitted at the root 
and tip of the gill, distant 2-06 cms. apart. The thickness of 
the gill at the root was 0-241 cms. and at the tip 0-140 cms. 
The thermo-junction TJ, was used for measuring the temperature 
of the air. 
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The heating furnace rests directly on the piston, which is 
set so that the crank is on the inner dead point. The furnace 
consists of two flat circular iron electrodes provided with con- 
ducting rods and arranged horizontally in a carborundum pot 
cast to fit tightly into ‘the cylinder. The central part of the 
pot is filled with a hollow cylindrical block of insulating material, 
through which passes the insulated iron rod attached to the lower 
electrode. The rest of the pot, above, below and all round the 
central block, is packed with powdered graphite which serves 
as the high resistance filling of the furnace. The central insulat- 
ing block is merely a device for increasing the resistance of the 
filling. The metal rods, iron and copper respectively, attached 
to the electrodes project through holes drilled in the cylinder 
head, and carry the current leads and also a pair of voltmeter 
leads. The current was supplied from a storage battery, and 
the circuit contained also a variable resistance, consisting of an 
8 per cent. solution of washing soda, of adjustable length, and 
an ammeter provided with a suitable shunt. Using a battery 
consisting of two sets of 40 cells connected in parallel, the current 
through the furnace and the heating of the cylinder were well 
under control. 


By this means the temperatures recorded for the root of 
the gills in the running tests could be reproduced fairly accurately 
in the static tests. 


Table 5 shows. the results of experiments made at running 
speeds of 1,800, 1,500 and 1,200 revolutions per minute, and 
also of experiments made with the engine stopped and the 
temperatures at the root of the gill maintained by the furnace 
at approximately the values observed in the running tests. 


For the determination ot the value of the emissivity coefficient 
it was necessary to measure the thermal conductivity of the gill. 
For this purpose a small piece of the gill under test was cut 
away from the cylinder and machined to the dimensions 6-0 x 
0-5 x 0-18 cms. In this way a specimen was obtained which 
was fairly representative of the metal of the gill from root to 
tip. A precisely similar strip was cut from a sample of annealed 
cast iron of the composition used for making cylinder castings, 
the conductivity of which had previously been determined by 
an absolute method. Each strip was securely attached to one 
end of a cylindrical copper bar 10 cm. long and 2-5 cm. diameter, 
bar and strips being supported in a horizontal position. A 
current flowing through a coil of insulated nichrome flat strip, 
wound round the copper bar, served as the source of heat. 
In each cast iron strip three little holes were drilled at equal 
distances apart, and an iron-constantan thermo-junction was 
pegged into each hole. 


The coil having been connected through an ammeter and a 
variable resistance to a storage battery, time was allowed for 
the temperature gradients along the strips to become steady, 
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and the temperature readings for the given points were then. 


taken in the ordinary way by means of a potentiometer. With 
a steady current and an adequate screen to shield the apparatus 
from draughts, the temperatures were extremely steady and 
could be read off with great accuracy. 


If k, be the thermal conductivity of the gill strip and 0,, 
Onn0s be the temperature excesses of the thermo-junctions in it 
over the surrounding air, k, and 0,, 0;, 0, being the corresponding 
quantities for the standard strip, and writing 

siecht Uta ep my and "8 = 12 23 


2 
then it can be shown* that, 


Je= log (t+ Vn2, - ae -1) 
ky log (my + Vn?, — 1) 


From a series of observations by this method, the value of 
k for the gill strip was found to be 0-108 in C.G.S. units and to 
be apparently independent of temperature. 


Using this value of the thermal conductivity, the values of 
o for the experiments of which the results are given in Table 5 
have been calculated and are tabulated in column 10 of this 
table. 


It will be seen that, as in the case of the rods, the difference 
in the emissivity of the gill with the engine running at various 
speeds, and when at rest, is negligible. 

In the whole series of experiments described in this paper 
there is, therefore, no evidence that the thermal emissivity of 
hot metal surfaces forming parts of the cylinders of petrol engines 


is appreciably affected by oscillations set up by the explosions. 


in the cylinders. 


— ——- == 


* Preston's “ Theory of Heat, Doe. 
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THE VARIATION OF ENGINE POWER WITH HEIGHT. 


By D. H. Pinsent and H. A. RENwIcK. 


Presented by the SUPERINTENDENT, Royal Aircraft 
Kstablishment. 


Reports and Memoranda, No. 462. March, 1918. 


SUMMARY.—(a) Introductory (veasons for inquiry).—In a_ previous 
report (I.C.E. 168) to the Engine Sub-Committee, the manner in which 
engine-power decreases with height was deduced from tests on the R.A.F. 
4p engine and the 170 h.p. high compression Hispano-Suiza. These 
tests were incomplete in that they included no considerable range of 
temperature at any given height, and the conclusions deduced from them 
appear now to be erroneous. ‘In the present report the experiments were 
extended over a very considerable range of temperature, and three more 
types of engine were tested. 


(b) Range of the investigation.—The following engines were tested :— 
The R.A.F. 4p (200 h.p. aluminium cylinder, air-cooled, V}. 
The 250 h.p. Rolls-Royce (water-cooled). 
The 170 h.p. high compression Hispano-Suiza (ungeared, water- 
cooled). 
The 150 h.p. ungeared Hispano-Suiza (water-cooled). 
The R.A.F. 14 engine (100 h.p., air-cooled, V). 


The variation of power was measured by observing the revolutions 
of the engine over a range of air speeds from 50 to 100 m.p.h., with the 
throttle full open. Flights were made on several different days ‘with each 
engine, and the temperature was varied over the largest possible range 
which was obtainable. 


(c) Conclusions.—The experiments indicate in all cases that the b.h.p. 
can be better expressed as a function of the barometric pressure only, 
instead of the previous and customary method where it was assumed to 
be a function of density. That is to say, the power developed, at given 
revolutions and at a given height on the aneroid, is constant and indepen- 
dent of the air temperature at that height. 


A possible explanation of the reason why the power should be 
independent of temperature is suggested. 


(d) Applications and further developments——The above conclusion 
makes it necessary to reconsider the methods at present in use of reducing 
climbs and speeds at heights to a standard basis for comparison. It has 
been customary hitherto in comparing the performances of two machines, 
as regards speed, to compare their true air speeds at the same density ; 
and as regards climb, to compare their times to climb from one given 
density to another, If the engine power can be better expressed as a 
function of pressure only, this method of comparison is unduly favourable 
to: machines tested in warm weather, and vice versa. A new standard 
method of comparison, based on the assumption that engine power is a 
function of pressure only, is suggested in this report. 
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In illustration of tlhe method, four climbs are compared in the new 
way. It is found that two climbs with the same machine which do not 
agree when reduced by the old method, agree remarkably well when 
compared by the new method. 


1. Method of Experiment and Reduction of Observations.— 
The experiments are based on the use of a propeller as a torque 
dynamometer. The method of experiment was to take simul- 
taneous observations of engine revolutions, indicated air speed, 
height, and temperature, with the throttle fully open, and the 
compensator adjusted so as to give the maximum revolutions. 
Such readings were taken, as a rule, at 3,000 ft., at 6,000 ft., at 
9,000 ft., and at 12,000 ft., and also as near to the ground as 
possible. The observations were made at air speeds varying 
from 50 to 100 m.p.h., observations being made over the whole 
of this range at each height. The experiments were repeated on 
different days so as to obtain the greatest possible range of 
temperature at each height. In this way a temperature variation 
of as much as 20°C. at each height was sometimes obtained. 


2. Generally speaking, the method of reducing the experiments 
was as follows :—The revolutions at which the engine can turn 
~the propeller at a given density and advance per revolution are 
a measure of the power developed, and a comparison of revolutions 
under two different conditions of height and temperature will 
give the ratio of the powers developed under these two conditions. * 
Thus, the experiments give in the first instance the ratio :— 


Horse power developed at various heights and temperatures. 
. Horse power developed at about 1,000 ft. 


(1,000 ft. being the lowest height at which observations of 
revolutions could be taken). 


This direct method of calculation is, however, very incon- 
venient in practice. From the revolutions N, and N, at the 
same advance /revolution, at two different conditions of height 
and temperature, it is easy to calculate the ratio of the power 
developed on these two occasions, but this will be a ratio ot 
powers developed at two different revolutions, namely N, and 
N,, and will not therefore give the law of variation with height. 
In practice therefore the following method has been used, which 
is in principle the same. A law of variation of power with height 
and temperature is found by trial and error; from it and from 
the test bed power curve of the engine, and from the observations 
at 1,000 ft., a curve of torque /o N? is deduced for the airscrew ; 
from this curve and from the observations at greater heights 
the power developed at these greater heights is in turn deduced, 
and the original law must be so chosen that these powers deduced 
at greater heights agree with it. 


* For a propeller, HP = (density) x (r.p.m.)? xX (some function of the 
advance per revolution). 
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Alternatively the following method, which amounts to the 
same thing, may be used. The law of variation must be so 
chosen that the torque /c N? values deduced from it, for all 
heights and temperatures, give the same curve. This method is 
simpler than the former one, but by the former one the law of 
variation can be determined considerably more accurately. 


3. Since the power may depend on any two of the three 
interdependent quantities, pressure, density and temperature, 
it is obvious that the law of variation cannot be aséertained 
_ unless experiments are carried out over a range of temperature 
at. each barometric height, and this range should be as large as 
possible. Unless this is done, it is possible to obtain quite 
consistent results by assuming a wrong law of variation of power. 


4. 'The method of experiment here used assumes only that the 
characteristics of the propeller do not change cluring test, 7.e., 
that the shape of the propeller does not alter. It does not 
assume any particular calibration, but simply that the calibration 
does not alter during test. 


It has been suggested that the .principal conclusion of this 
report, namely, that engine power varies with pressure only and 
not with density, may he explained by propeller distortion. The 
chief evidence against this suggestion is that in ordor to cxplain 
the conclusions of this report by propeller distortion it is 
necessary to assume that 10 very different propellers on 5 different 
aeroplanes have distorted in the same somewhat complicated 
way, so as to convert the density into the pressure law. It 
is, however, proposed to conduct experiments on variation of 
power during which the angle at a few points on the blade 
will be measured optically in flight. If there is any change of 
shape it will be due to (a) warp due to atmospheric conditions, 
(b) strain due to load variation with density. Experiments 
are therefore in hand to determine the effect of reduced tempera- 
ture (to — 20°C.) on a propeller, the boss also being heated with 
boiling water.* This propeller is the one which will be used to 
determine the variation of power with height on the B.R. 1 
engine, and it will also be tested on the whirling arm at different 
loads at the same advance per revolution. 


5. Tests with the R.A.F. 4d Hngine.—The results are plotted 
of observations taken on six different flights on an R.E. 8, fitted 
with this engine. Two trial assumptions are made in order to 
get a Q/co N? curve from the lowest observations, namely :— 


(a) That power varies as c!-°, 
(6) That power varies as :}-°. 


* Note ( June, 1918). —Experiments have been carried out on these 
lines, and the warp due to a reduction of Sar eho from -}- 20° to 
—915%did not exceediat 2: 


751 


The two Q/o N? curves deduced are shown in Fig. 1. In Fig. 2 
are plotted the values of (power at heights) /(power on test bed), 
deduced from the Q/c N? curve derived from assumption (a) 
and from the observations at greater heights. Each point here 
plotted represents the mean value of —P°Y® SEO: deduced 
power on test bed =~ | 
from observations over the whole range of air speeds, and is 
plotted against o, the mean percentage density for these observa- 
tions. It is seen that there are consistent differences with 
temperature, the points at low temperatures lying consistently 
: power at height _ 
power on test bed 
is therefore not verified, for it should give the same curve for 
power at height 
power on test bed 


high. The original assumption—that gi-0 


against o for all temperatures. 


power at height 

power on test bed 
deduced from assumption (b), from the observations at greater 
heights ; this is here plotted against p, the percentage pressure, 
and it is seen that there are no consistent differences with 
temperature, the points at all temperatures lying on the same 
power at height 
power on test bed 
= p>, and is therefore a good verification of the original 
OWEN De DOIENE ta: pi, It follows that, for the 
power on test bed 
R.A.F. 4p engine, the power at heights varies approximately 
as (percentage pressure)?-*°. 


6. In Fig. 3 are plotted the mean values o 


meancurve. ‘This mean curve is approximately 


assumption 


7. Tests with the High Compression Hispano Engine.—The 
data used here consists of observations made on tests of an 
S.E. 54 machine with six different airscrews, in order to compare 
their efficiencies. These tests consisted of “‘ partial climbs ” 
at air speeds ranging from 50 to 100 m.p.h., carried out in general 
from 4,000 to 5,000 feet, from 9,000 to 10,000 feet, from 14,000 
to 15,000 feet. The necessary observations of height, temperature, 
air speed, and revolutions were made in all cases. The observa- 
tions at 4—5,000 ft. with each of the six different airscrews were 
used, on a trial assumption that power varies as p}-°, to obtain 
a Q/o N? curve for each airscrew. These curves are plotted in 
Fig. 4. In Fig. 5 are plotted the mean values of eee on test bed 
deduced from these curves and from the observations at greater 
heights, the values being plotted against percentage pressure p. 
It is seen that the points show no consistent differences with 
temperature, and lie on a mean curve representing approximately 

power at height 95 
power on test bed? °° | 
= p'° is therefore very approximately verified. It follows 


The original assumption that it 
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that the power of the high compression Hispano eng.ne varies 
approximately as (percentage pressure)'-—or slightly worse 
than the R.A.F. 4p. 


8. Tests with the 150 h.p. Ungeared Hispano Engine.—Three 
flights were made on an 8.E.5 fitted with this engine, and 
observations taken at 3,000 ft., 6,000 ft., 9,000 ft., and 12,000 ft. 
The three sets of observations at 3,000 ft. were used on a trial 
hypothesis that power varies as p}-° to obtain a Q/o N? curve 
for the airscrew. This curve is plotted in Fig. 6. In Fig. 7 
Of gue sale Sae Wk deduced from 

power on test bed 
this curve and from the observations at greater heights—the 
values being plotted against p. It is seen that the points show 
no consistent differences with temperature, and lie on a mean 

power at height Nye 
power on test bed : 
Thus the original assumption that it = p!-° is very approximately 
verified, and it follows that the power of the 150 h.p. Hispano 
engine varies approximately as (percentage pressure)!-°4—almost 
exactly the same figure as that obtained for the EB ROTP PEG 
engine. 


are plotted the mean values 


curve representing approximately 


9. The same conclusion is more forcibly illustrated in Fig. 8 
Here are plotted groups of Q/o N? curves, each group being 
deduced from the three sets of observations at a given height. 
Each group is shown as deduced on two bila assumptions :— 


(a) That power varies as p1-% ; 
_(b) That power varies as o1: 40 


(c!-4 being the density law which gave the least inconsistent 
results). It is seen at once that for each separate group the 
curves deduced on the p!-°4 assumption agree amongst them- 
selves, whereas those deduced on the o!-4° assumption show 
consistent differences with temperature. Also it is seen that all 
four groups, deduced on the p}-% assumption, are the same 
Q/co N? curve. (The curves are plotted with different zeros to 
avoid confusion.) | 


10. Tests with the 250 h.p. Rolls-Royce Engine.—Three flights 
were made on an F.E. 2p fitted with this engine. Observations 
were taken at 3,000 it., 6,000 ft., and 9,000 ft. The results are 
plotted in Fig. 9—the method by plotting groups of Q/o N? 
curves being adopted. The curves are plotted on the two trial 
assumptions :— 

(a) That power varies as pl? ; 
(b) That power varies as o1-?. 


(c!-? being the density law which gave the least inconsistent 
results). It is seen at once that the curves deduced on the 
o” assumption show consistent differences with temperature, 
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whereas those deduced on the p1:® assumption are all the same 
curve. It follows that the power of the Rolls-Royce engine 
varies approximately as p!-°. 


ll. Tests with the R.A.F.14 Engine.—The evidence in this. 
case is taken from a large number of “ partial” climbs carried 
out, in the course of tests of two different wing sections, on 
B.E. 2c No. 1769. These partial climbs consist of two large groups 
—the one group carried out in very warm weather (Summer, 1917) 
and the other group in much colder weather (Autumn, 1917). 
The same engine and airscrew were fitted to the machine on both 
occasions. 


12. The airscrew fitted was to Drawing No. T.7448. The 
Q/o N? curve for this airscrew is independently known, an air- 
screw of this type having been tested on the whirling arm. In 
Fig. 10 are plotted the values of Q /o N2, deduced from the observa- 
tions taken on the two sets of partial climbs, and also the curve 
given by the whirling arm tests. It is seen that, when reduced 
on the assumption that power varies as pl-°, the points deduced 
from the observations on both sets of partial climbs are in 
agreement with the whirling arm curve, but that when reduced 
on the assumption that power varies as o!:! (the law hitherto 
assumed), though the points deduced from the Summer observa- 
tions agree with the whirling arm, those deduced from the Autumn 
observations do not. It is probable therefore that the power of 
the R.A.F. 14 engine varies approximately as p!-°. 


13. Possible theoretical explanations.—Mechanical losses. It 
has been suggested that the fact that engine power at height 
varies with pressure and not with density might be accounted for 
by mechanical losses. This may be disproved as follows :— 


Assume that the I.H.P. =f (p, t), some function of pressure 
and temperature. The mechanical losses will consist of a con- 
stant part, and a part which varies as the I.H.P. Hence b-h.p. 
= Af (p, t) — B where A and B are constants, from which it 
follows that if the b.h.p. is sensibly independent of temperature. 
so also is the I.H.P., and conversely. 


14. Suggested explanation.—The following theoretical explana- 
tion of the existence of a pressure, as opposed to a density law, 
is suggested. The I.H.P. is directly proportional to the density 
of the charge in the cylinder, which is therefore the sole factor 
determining the power at heights. But it is probable that the 
temperature of the charge just before the inlet valve is closed 
will be substantially the same, whatever the atmospheric tem- 
perature may be. It follows that the density of the charge, 
and therefore also the I.H.P., will vary directly as the atmos- 
pheric pressure. Thus the law I.H.P. « density of charge just 
before the inlet valve closes is exactly equivalent to the law 
I.H.P. « atmospheric pressure. 
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The B.H.P. is equal to I.H.P. less mechanical loss, and will 
therefore be practically proportional to (pressure)!-°, if the con- 
stant part of the mechanical losses (7.e., independent of “I.H.P.) 
is small; the effect of the constant part is to make the b.h.p. 
vary somewhat more rapidly than the pressure. Thus the above 
theory would account for the differences in pressure law which 
were observed with different engines, e.g., with the Hispanos ° 
and the R.A.F.4.D. , 


15. There is considerable evidence that the absolute tem- 
perature of the charge just before the closing of the inlet valve, 
if not constant at all outside temperatures, is at any rate so high 
that its percentage variations, and therefore the resultant variations 
of percentage density, are small. Firstly, there is evidence that 
the charge when it reaches the cylinder and before the inlet valve 
is closed, has assumed an, increased temperature, comparable 
with that of the cylinder walls, piston head and exhaust valves. 
This is given in a paper by Coker and Scoble (Proc. Inst. C.E. 
1913-14) in which the following temperatures were measured 
on a 12 H.P. slow running gas engine :— 


Temperature of the charge at end of suction stroke— 
over 200°C. : 


Exhaust valves—about 400°C. 
Centre of piston—about -340°C. 


In an aeroplane engine the temperature of the exhaust valves is. 
about 700° C. and that of the piston top about 500°C., and it is 
probable, therefore, that the temperature of the charge just before 
the closing of the inlet valves is at least of the order 300°C. 
If this is so, small variations due to variations in atmospheric 
temperature outside, will have a very small effect upon the per- 
centage density, and thus upon the I.H.P. 


16. High altitude test house experiments.—This argument is 
confirmed by the experiments on the test bed described in Report 
No. L.C.E. 196. In this case an increase of 19 per cent. in the 
absolute temperature of the outside air produced a decrease in 
B.H.P. of only 5-7 per cent.—or lessthan one-third. These experi- 
ments were made at temperatures above + 3°C.; it is possible 
that at lower temperatures, such as are encountered in. flight, 
any small increase in I.H.P. due to decrease of temperature is 
counterbalanced by incomplete vaporisation in the carburettor. 


17. These experiments indicate that the pressure law is much 
more nearly true than the density law. The maximum tempera- 
ture range for any one pressure in the experiments in flight 
described above was 20°C. The corresponding variation in power 
from test bed experiments would be only 2 per cent., which 
would be hardly measurable, whereas the variation according to 
the 91:° law would be 7 per cent., an error of 5 per cent. which is 
quite appreciable. The experiments are therefore in sufficiently 
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“close agreement, and the variation of b.h.p. with pressure 
’ independently of temperature may be assumed up to at least 
15,000 ft., but the density law is demonstrated to be seriously in 
eh a a es eg 7 


18. Reduction of performances to a standard basis for compari- 
son.—It appears therefore that the power at heights of internal 
combustion engines is a function of pressure only, and not, as 
has hitherto been supposed, a function also of temperature. It 
has been assumed hitherto that the engine power at heights is 
some function of the density, and if this were the case the same 
machine should do the same performance in speed and maximum 
rate of climb at the same density, even though on two different 
days this corresponded to two entirely different heights and 
temperatures. It has been customary therefore, when comparing 
the performances of two different machines, to compare their 
speeds and rates of climb at some given density. If, however, 
the engine power is a function of pressure only, it is clear that this 
method of comparison is unfair on machines tested in cold weather, 
and vice versa ;. for if the two machines were tested at the same 
density, the machine tested in cold weather has been tested at 
.a greater height (7.e., at lower pressure) than the machine tested 
in warmer weather. 


19. It will be shown (see Appendix IT) that the fair method of 
comparison, on the assumption that engine power is some function 
of pressure only, is as follows :— 

(a) 'To compare speeds at heights. It is only necessary to 
compare the indicated air speeds, uncorrected for 
density, at the same height on the aneroid, 2.e., the same 
pressure. Or if it is required to compare true speeds, 
the indicated air speed at a given height on the aneroid 
must be corrected for density always by means of the 


, ] 
same density factor, that is to say by the factor i 


where c is the standard density at that height. 
To compare rates of climb. The rates of climb should 
be compared at the samc height on the aneroid, after 


(b 


~— 


bole 


being corrected by the factor where o was the 


actual density observed at that height, and o, is the 
standard density at that height. (In general, this 
factor is so nearly = 1 as to be negligible.) If it is 
desired to compare complete climbs, say, from the 
ground to 15,000 ft., the rates of climb in true feet per 
minute (i.e., corrected for the temperature effect on 
the aneroid) must be plotted against aneroid height (or 


5) 
re) 


rey J 
pressure), and then corrected by the factor ce ) : 


oO 
and the climbs from any one pressure to any other may 
then be reconstructed and compared. 
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20. In Figs. 11 and 12 are shown examples of climbs reduced 
by the above methods, based upon a pressure law for engine power 
and also by the methods hitherto in use which are based upon a 
density law. Fig. 11 shows two climbs to 15,000 ft. on 8.E. 54 
No. C/1091, fitted with the Wolseley “ Viper ”’ engine, carried out: 
at the R.A.F. on 28th February, 1918, and on 6th March, 1918. 
On 28th February, 1918, the weather was considerably colder than 
on 6th March, 1918, and of the two climbs, if reduced by the old 
method, that of 28th February, 1918, appears considerably worse. 
than that of 6th March, 1918, as much as six minutes longer 
being required for climbing to 15,000 ft. If the new method of 
reduction is used, however, the two climbs are practically identical. 


_ 21. Fig. 12 shows two climbs to 10,000 ft. on N.E. 1 machines, 
with 200 h.p. Hispano engines, carried out at the R.A.F. on 13th 
September, 1917, and on 15th October, 1917. The weather was 
considerably warmer on the former date than on the latter, and 
on the former date the time to 10,000 ft., using the old methods 
of reduction, was about two minutes less than on the latter date. 
If the new method of reduction is used, however, the two climbs 
are identical. (N.B.—The climb of 15th October, 1917, was 
made with 56 lbs. more weight than that of 13th September, 1917, 
but this has been corrected for in both methods of reduction.) 
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APPENDIX I. 


ANALYSIS OF METHOD OF REDUCING EXPERIMENTS. 


1. For each engine tested the test-bed power curve was approximately 
known, and was used in reducing the observations. It will be shown 
later that an error in this assumed power curve makes no difference to 
the results obtained. Assuming such a power curve, and assuming as a 
trial hypothesis that the power of the engine at a percentage pressure #, 
and a temperature /, is some function f (p, ¢) of p and ¢, times its power 
at the same revolutions on the test bed, it is possible from any set of 
observations of height, temperature, and revolutions at various air speeds, 
to plot a torque /s N? curve for the airscrew. For if Q be the airscrew 
torque and N the airscrew revolutions per second, and By, the power 
developed at the corresponding engine revolutions on the test bed, then 


B ,t ; 
ee a | a where A is a constant depending on the gearing of the 
By ’ t as . ' 
airscrew, and therefore - me 2 = ae 5, and this quantity can be 


plotted against the advance per revolution of the airscrew. 


Vv 
N’ 

2. Conversely, if the Q/o N? curve for the airscrew is known or assumed, 
it is possible from it and from any set of observations of height, tempera- 
ture, and revolutions and air speed, to deduce the power that the engine 
was giving at that height and temperature; in other words, to plot a 
function f (p, t) of p and t, so that the engine power at ra height or 
temperature is equal to By f (Dp, #): 


3. In the reduction of the experiments described in this report, the 
method adopted has been as follows :—A functional form f (p, #) has been 
found by trial and error, so that if a Q/o N? curve for the airscrew be 
deduced therefrom in the manner described in para. 1, using the observa- 
tions at the lowest height where observations were made, this Q/o N? 
curve, in its turn, gives, by the method described in § 2, using the 
observations taken at the other greater heights, values of f (p, ¢) identical 
at all heights and temperatures with those originally assumed. It is also 
necessary, of course, that the value of f (p, ¢) for p = 1 and ?¢ = + 16°C, 
(the test bed conditions) shall b2 unity. 


4. It will now be shown that this method is determinate, that is to say, 
that it gives only one solution and that the true solution. First, if from 
any trial assumption b.h.p. = By f (p, #), used for the lowest observations, 
values of the b.h.p. for greater heights are deduced, which are entirely 
independent of t; then, though the original assumption containing ¢ was 
wrong, the true f, when found, will be independent of ¢. For let the 
observed quantities at a given Adv. [Rev., a, be :-— 


Po to So No near the ground ; 
Pp; ty o, N, higher up. 

Then the value of Q/o N? for Adv. /Rev. «, deduced, on the trial assump- 
tion power = By f (p, #), from the observations near the ground, will be 
Diese eB ashes) 

oN? Sy N,* 
And the value for power at on py and temperature t,, deduced from 
the observations higher up, will then be 


17 Q 
ALo N#], 


or 


oe af oa [i tPe)) ‘oN N; cal 


N 
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Now, if the true power law, say power = By 9 (fp, #), had been assumed, 
the expression (a) above would have differed only in having 9 (po to) 


: : . © (Po fo) 
instead of f (fo ty)— 7.e., in the constant ratio 
Ff (Po to) 


5, In the case of all the engines covered by this report it was found 
on some trial assumption that the b.h.p, deduced from the observations’ 
at the greater heights was independent of ¢. Hence in all cases the true 
solution, when found, must bea function of p only, and the method of 
reduction is simplified to the following form :—A function f (p)—of p 
only—is to be found by trial and error, so that if a O/o N? curve for the 
airscrew be deduced therefrom from the lowest observations, this Q/o N? 
curve, in its turn, shall, from the observations at greater heights, give 
values of f(p) identical at all heights with those originally assumed 
It is also necessary that f (1) shall equal unity. 


6. It can now be shown that there is only one reasonable solution. 
For suppose f(p) and o (p) to be two solutions, then the O/o N? values 
(Po) 


obtained from the lowest observations on the @ assumption will be F (bo) 
0 


times those obtained on the fassumption. Thus so also will be the values 
of b.h.p. deduced in their turn from the observations at greater heights. 
(This is proved by exactly similar reasoning to that used in § 4 above.) 


That is to say, 9 (pf) = @ (Po) x f (p) for the range of p corresponding to 


F (Po) 


the range of the observations at greater heights, 2.e., in this range the two. 
functions will be constant multiples of each other, Thus all possible 
solutions will be of the type plotted below :— 


a O 


0-5 


tf) 


7 gen sos oe earnest ed 


Now the true solution has to pass through the point (1, 1); and, without: 
drawing a discontinuous distorted curve, there is only one solution which. 
will do so. Thus there is only one reasonable solution. 


7. Any solution satisfying the requirements of § 5 will clearly 
cover the experimental facts. In § 6 it has been shown that there is 
only one reasonable such solution. That solution is therefore the true 
one. 


8. It is most important, however, if tests are made in the manner 
described in this report, to obtain as great as possible a range of variation 
of temperature at all heights. Unless this is done, the method of reduction 
becomes indeterminate, and there are in fact an infinity of solutions 
covering the facts observed. For though it is provable that there exists. 
only one function of » covering the facts—and though it is similarly 
probable that there exists only one function of p and ¢ covering the facts, 
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when the facts include a number of different variations of ¢ with p— 
yet it is obvious that when the facts include only one variation of t with p 
for instance,. only one flight, an infinity of functions of # and ¢ will cover 
them. For let F (pf, ¢) be the true solution, and suppose the observations 
confined to one flight in which ¢ = (pf), then there are an infinity of 
functions » such that [p, A (p)] = F [p, 4 (p)]. . For instance, let F (9, t) 
be = p X 7, and let A(p) =u x p; then F[p,A(p)] =p p2, and the 
following 9 (p,?) will give o[p,a(p)]) =up*—namely, 9 (pt) = pp’, 
8H4 j 


23 U. 
or = EP op a EP ote. 


9. In report No. I.C.E. 168 this was in fact the cause of the erroneous 
conclusions arrived at. The experiments here with the Hispano engine 
included no very great range of temperature at the same height, and 
with the R.A.F. 4p engine only one set of observations was made at each 
height. The reason why, in I.C.E. 168, it was thought that the R.A.F. 4p 
was so much better than the Hispano, whereas it now appears that there 
is not much difference between them, was as follows :—The experiments 
power at various heights 


power at the lowest height where observa 


gave for both engines the ratio 
tions were taken. 


In order to express the ratio :— 


power at various heights 
power on the test bed ’ 


it was necessary to assume the ratio 


power at lowest heights where observations were made 
power on test bed i 


There being insufficient data to determine this by trial and error, it was 
assumed that the power was some function of density, and this latter 
ratio was estimated on this hypothesis. Since, as a matter of fact, this 
ratio should have been, estimated on a pressure basis, it is clear that, if 
estimated on a density basis, it was very much too large in cold weather, 
but not far wrong in warm weather. The Hispano experiments were 
done in very warm weather and the R.A.F. 4p experiments in cold weather, 
and, in consequence, the power at heights of the R.A.F.4p was over- 
estimated but that of the Hispano was not far wrong. 


The tests upon which report No. I.C.E.168 was founded, though 
they give consistent results upon a density basis when taken by themselves, 
are inconsistent with the later tests (upon which this report is founded) 
if reduced upon a density basis, but are quite consistent both taken by 
themselves and with the later tests if reduced upon a pressure basis. 


10. An error in the assumed test bed power curve (provided the engine 
does not vary from day to day) makes no difference to the results obtained. 
Suppose the power curve assumed to be By = F (N), and suppose that 
at some given Adv. /Rev. the revolutions at the lowest height are N, 
and at some greater height are N,, then the value of Q/o N? for this 
Adv. /Rev. obtained from the lowest observations is given by :— 


0 to es N, 
[Q/o N?] = Lele F(N,) =p ee Say. 


The value of f(p, t) from the observations at this Adv. /Rev. at greater 
heights is in its turn given by :— 
1 N2 : 
TAP ee, SN) bes Fou 
4:62, DY 


nea ori (Ny 
fp, t) = a ie) (x) F (N,)° 
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This ke will be unaffected by the form assumed for the function F, 
(N 


provided 7 Fe) is correctly assumed. And though errors may occur in 


the avian a Gin altais improbable that large errors will occur in 
EN, 

the value of r ae Y, the ratio of the powers at two different revolutions, 

and this error is still further reduced when the mean value of f (p, t) is 

taken of its value, deduced from all the observations (at different 

adv. /rev.) at a given p and ¢, that is to say, from the revolutions observed 

over the whole range of air speeds. 


11. Using the method of reduction which has just been explained, 
two methods of presenting the results have been employed. In the 
one case the method has been followed exactly as detailed above, the 
values of f (p, t) have been plotted against, ~, different symbols being 
employed tor different values of ¢ at the same p. In. other cases the 
following method, which in principle is exactly the same, but which 
illustrates the results somewhat more forcibly, has been adopted. The 
object has been to find, by trial and error, a functionf (, ¢), so that 
f(p=1, t= + 16°C.) = 1, and so that, from the observations at each 
(height and temperature) the same Q/o N* curve is obtained in the 
manner described in § 1. If this: is done, it is clear that, conversely, 
the conditions demanded in § 3 above will be satisfied, and the method 
is therefore in principle the same as the method there laid down. When 
this method is used it is possible to plot side by side sets of Q /o N* curves, 
obtained by assuming two different f (p, t)—say o}-8 and p1-°—and it is seen 
at a glance that one or the other set is by far the more consistent. 
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APPENDIX II. 


—- a 


REDUCTION OF PERFORMANCE TO A STANDARD BASIS 
FOR COMPARISON. 
1. The method suggested in this report for reducing speeds at heights 


to a standard basis for comparison will be fair if a machine always does 
the same indicated air speed at the same pressure. This will be the case if 


(i) the total drag in lbs. is constant at a constant pressure p, 
and a constant indicated air speed V,; and 


(ii) the thrust of the airscrew is constant at a constant panda 
constant V>. 


V 
As to (ii) we may write for the airscrew Q/co N* = F (x) And we may 


assume the test bed power curve for the engine to be bhp. = K.N. 
(This form of power curve, namely, a straight line through the origin 
(equivalent to a constant engine torque or constant M.A.P. at all revolu- 
tions) appears to hold approximately for all modern engines, so long as 
the engine is not over-revved.) Further, let the law for variation of 
power with height be that the power varies with f (p)—any given function 


of pressure only. Then the torque Q of the airscrew = A EP =AKf (p) 
= constant for constant ». Therefore, from the equation 
aes 
oN? 
that is to say, 


=a i! (*), o N? F(X) = constant at constant p, 


F (x) N?2 constant constant 


N/R vshmas Via: SanVOos 


= constant at constant p and constant V4. 


V thrust . Vv 
Hence at constant » and V4, N is constant. Now a3 a function of N 


and is therefore also constant at constant p and V,; hence, so also is the 
thrust. 


As to (i) the total drag at an indicated speed V, is equal to 


E + 72 R/Ro 
104 
where K, is the drag coefficient of the wings = constant for a constant Vo. 


He (-0051) | V2 


A is the wing area 
7, is the resistance at 100 m.p.h. out of the slipstream 


v, is the resistance at 100 m.p.h. in the slipstream (see 
R/R, is the slipstream factor for resistance 

’ : " (Up + Vo)? 
Now R/R, isa function of V /N, for R/R, is equal to age 


; v,(U,>+V (v,+V,) 
V)+V, is the indicated air speed in the slipstream) ee = as 


thrust 
The former term is, from considerations of momentum = yz x a 
0 


Ps 
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constant depending only on the area of the slipstream, and is therefore a 
function of V/N; the latter term is WR/R). Hence, R/R, =a function 
of V/N + /R/R,. Hence, R/R, is a function of V/N, and therefore 
constant at a constant p and V,. ‘Thus the total drag is constant at a 
constant p and V4. 

2. The method suggested for reducing climbs will be fair if the rate 
of climb at a given p and V, (V, being the best climbing speed) for any 


machine is proportional only to pa has been proved that at a constant 


p and V, the thrust of the engine, and the total drag, are constant. Now, 
if « be the angle of the flight path to the horizontal, and W the weight 
of the machine, 


W sin ¢ = engine thrust — total drag. 


Hence, sin « = constant at constant » and V,. Now sin « 
rate of climb in ft. /min. : : : 

=~ $8 x Vinmp.h, , and is therefore proportional to (rate of climb) 

xo ata woke t Vy). Hence, at a constant p and V4, rate of climb is 


proportional to o— 


3. Note on generality of this method.—This argument is perfectly general. 
If the b.h. Pp. is a function only of any other variable or Pea of 
variables 9, “ p’’ may be replaced in the above equation by “9”; the 
rate of climb ata constant » and V, is then proportional to co, "ana the 
same holds for speeds, i.¢., the aeroplane will do the same indicated speed 
at the same value of o. 


End of Vol. IT. 
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